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SUMMARY
Uranium(lll) chemistry is reviewed and contrasted with 
relevant aspects of the chemistries of the tervalent 
transuranium elements, and tetravalent and pentavalent uranium. 
The preparation and chemical properties of a number of hydrated 
and anhydrous uranium(lll) compounds , including a new hydrated 
uranium(lll) fluoride, are reported, and the stability of the 
hydrated uranium(lll) cation in the presence of a large number 
of inorganic anions is described.
The complex chemistry of uranium(lll) is shown to be very 
limited and only with the oxygen donor ligands phenazone and 
4-dimethylaminophenazone have solid complexes been prepared.
An uncharacterised uranium(lll) hexamethylphosphoramide complex 
has also been isolated. The presence of uranium(lll) is 
demonstrated in these compounds.
The electronic spectrum of the uranium(lll) ion has been 
studied in various compounds and the results are disoussed in
terms of the chemical environment, particularly the effects on
3 3 3 2 1the 5f -5f and -*)f 6d transitions. The magnetic behaviour
of the uranium(lll) ion is interpreted in terms of crystal field
effects rather than intramolecular antiferromagnetism. No
available theoretical treatment satisfactorily accounts for the
spectral and magnetic properties of uranium(lll).
Alastair and Leonie
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INTRODUCTION
♦ ffke Oxidation States of the Actinide Elements
The classification of the heavy elements from actinium to
lawrencium as a second f-transition series, the actinides, is
1-3
now well established • The characterised oxidation states of
the actinide elements are listed in Table 1. Those of the
lanthanide elements are also given for comparison. The existence
of stable higher oxidation states for the earlier actinides, as
compared with the extreme difficulty of oxidising the
corresponding lanthanides, is usually attributed to the poorer
shielding of the 5f electrons from external fields by the
outlying electrons than is the case with the lanthanides#
Since the atomic radii of the corresponding pairs of lanthanide
and actinide elements are not appreciably different, the
orbitals must be somewhat further from the nucleus than the
4f orbitals, and so must extend spatially into the 6d and 7s
orbital regions* This is in accordance with the view that the
4-f orbitals, although energetically favourable for covalent
bonding, are not involved because they are too small to overlap
5with bonding orbitals from another atom. However, Bagnall has 
suggested that these factors are not sufficient to explain the 
relative ease of oxidation of the earlier actinides, and that 
probably the main factor is the smaller effective nuclear 
charge experienced by the actinide 5f electrons, as compared 
with that experienced by the 4f electrons of the corresponding 
lanthanide, which results from the screening of the electrons
from the nucleus by the additional 4f* and 5^ shells.
The shielding of one f electron by another in a given 
shell is very poor, owing to the shapes of the orbitals, so
that as the f shell fills up, the effective nuclear charge
experienced by each f eleotron increases, so reducing the size
of the whole f11 shell and increasing the difficulty of
achieving higher oxidation states. It is not surprising
therefore to find that after berkelium there is no evidence
for higher oxidation states. This is well illustrated by a
consideration of the solid halides. Tables 2 and 3 summarise
the present known actinide binary halides and oxyhalides^.
It is interesting to note that until fairly recently
there was little evidence of any oxidation state for thorium
other than the (IV) state, but the existence of the lower
6,7
halides Thl^ and Thl^ has now been established . However,
2+it has been suggested that ThI does not contain Th ionsC.
4+ ^
but is best represented as Th (e-Jglg® Thorium(lll) oxyfluoride,
8
ThOF, has also been prepared • The first evidence for the
existence of a tervalent protactinium compound, ^as ^een
9
provided by the thermal decomposition of the pentaiodide •
Recent research has also shown the existence of a heptavalent state 
for both neptunium and plutonium, and several solid compounds 
have been prepared • ~
The preparation of californium(II) chloride has been 
reported"^, and tracer experiments have shown the presence of 
a stable divalent state in aqueous solutions of mendelevium
*1 A T *7
and nobelium . In the latter case, the divalent ion appears 
to be the most stable species, providing it with a unique 
oxidation state for the actinides*
J.X
Table 1
£t *bCharacterised Lanthanide and Actinide Oxidation States ’
Element La Ce Pr Hd Pm Sm Eu Gd Th Dy Ho Er Tm Tb Lu
Atomic Ho. 51 58 59 60 61 62 63 64 65 66 67 68 69 70 71
°(2) (2) (2) 2 2 2 (2) 2 2 2
x 1 1 1 A A 3, A 1 A A A 3. 3. 1
4 4 4
Element Ac Th Pa U Hp Pu Am Cm Bk Cf Es Pm Md Ho Lw
Atomic Ho. 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
(2) 2 2 2
A 3 3 3 3 3 A 3. A 3. A A A 3 3.
A 4 4 4 A 4 4 4
1 5 5 5
6 6 6 6
7 7
a* most stable state is underlined.
h. parentheses indicate that the known compounds 
are metallic rather than salt-like in behaviour.
o. not including those divalent states observed 
only in a fluoride matrix.
Table 2
The Actinide Halides
Ac Th Pa U Np Pu Am Cm Bk Cf
AcF* UFa UpF- PuF.. AraF. CmF. BkF* CfFn
3 . 3 3 3 3 3 3 3
ThF PaF. UF. UpF. PuF. AmF, CmF„ BkF.4 4 4  4 4 4 4 4
V l 7  Fu4P17
Pa2P9 V ?
PaF_ UF_
5 5
UF5 NpF5 Pu F6
OfOlg
AoCl_ UC1, HpCX, PuCl, AmCl CmCl, BkCl, CfCl,
3 3 3 3 3 3 3 3
ThCl, PaCl . UC1. NpCl.
4 4 4 4
PaCl_ UCl,,
5 5
TJC1,
6
AcBr^ UBr^  UpBr^  PuBr^  AmBr^ CmBr^  BkBr^  CfBr^
ThBr^
PaBr_ UBr-
5 5
(Thl2)*
A cI3 Thl3 Pal3 TJI3 Npl3 Pul3 Aml3 Cml3 Bkl3 Cfl3
ThI. Pal. UI.
4 4 4
Pal
5
Es
E sC13
existence not proven
Ac
AcOF
AcOCl
AcOBr
(AcOl)
Table 3
The Actinide Oxyhalides
Th Pa U 3STp Pu Am Cm Bk Cf Ea
ThOF
ThOF,
PuOF CfOF
Pa2°F8 U20F{
NpOF.
U02F2 Np02F2
UOC1 PuOCl AmOCl BkOCl CfOCl EsOCl
ThOCl2 PaOCl2 U0C12 NpOCl2 
Pa2OCl8
Pa203Cl4 UOCl3
Pa02Cl
V°2012
PuOBr CmOBr BkOBr CfOBr
ThOBr Pa0Bro UOBr UpOBr,
PaOBr3 UOBr3 
PaOgBr U02Br 
U02Br2
PuOI BkOI CfOI
ThOI2 PaOIg 
PaOI.
Pa02I
(t o  x >
*
existence not proven
2• The Chemistry of Tervalent Uranium
(a) Solution Chemistry
A surprisingly small amount of work has been reported
on the chemistry of tervalent uranium even though uranium
18 20is one of the most studied elements ” , The fact that uranyl
salts in aqueous solution can he reduced to uranium(lll) was
21
first recognised by Zimmermann in 1882.. He prepared
purple-red solutions from strongly acidic uranium solutions
using metallic zinc. He found that this reduction only took
place in halogen acids, in contrast to sulphuric acid in
which the uranium remained in the tetravalent state. Rosenheim 
22
and Loebel , during a study of the electrolytic reduction of
uranyl chloride in hydrochloric acid at a mercury cathode,
obtained a red solution considered to contain tervalent 
23
uranium. Loebel obtained a red solution of uranium(lll)
bromide by the electro-reduction of uranyl bromide in
hydrobromic acid. He also attempted to prepare aqueous
solutions of uranium(lll) iodide.
Since this early work, electrolytic reduction has become
one of the basic methods of producing uranium(lll) in solution.
24
Treadwell and Hieriker report a quantitative reduction of
a 0.01M uranium solution in M H_S0. at a cadmium cathode,
2 4
and a similar result has been found in M HC1 at a mercury 
25cathode . At higher uranium concentrations the reduction
is incomplete5 for example, in a solution of 0.21M uranium
in 0.5M HC1 only 68$ of the uranium was found to be reduced
to uranium(lll), the remaining uranium(XV) being removed by
26solvent extraction with di-2-ethylhexylphosphoric acid •
It is reported that the reduction o€ tiraniumjCIV) to
27 28uranium(lll) by zinc amalgam 1 is quantitative in M HC1
and M HCIO^, provided the uranium concentration is less than
0.01M. The preparation of tervalent uranium in hydrochloric
and sulphuric acid of various concentrations by liquid zinc
29amalgam has been described by Sato »
Uranium metal dissolves in ethanol saturated with HC1
gas to give a red solution^’ It has also been reported
that uranium metal dissolves in 6M HC1 with the production of
31 32an unstable red-purple solution * . Using 11M HC1 a green
solution is produced. Solutions of tervalent uranium have
been claimed to have been prepared by dissolving the anhydrous
33 3 4*halides in water * .In the absence of oxygen, a saturated
solution of uranium trichloride in water in contact with the
solid at 0°0 is reported to be stable for several hours* At
24°C the reaction is four times as fast# In all cases the
amount of hydrogen evolved corresponded to that expected for
the reduction of water by uranium(lll). Solutions of tervalent
uranium have also been prepared in anhydrous formic acid,
35
acetic acid and methanol *
36
Someya has discussed the colour of tervalent uranium
in various concentrations of hydrochloric acid. He pointed
out that uranium(lll) was red in concentrated hydrochloric
37acid, but grey-green in more dilute solutions. Jorgensen 
confirmed this, and showed that the red colour only existed 
in hydrochloric acid solution of greater concentration than 
9M, and that in hydrobromic acid of comparable strength no 
red colour was observed. The colour, he suggested, was due
to the formation of oomplex ions* A groat deal of confusion
has arisen in the literature over the colour of uranium(lll)
in solution* It is usually reported as heing red? however
27this is only true under certain conditions* Kennedy found
that uranium(lll) solutions were dark green in fluorescent
light hut red in tungsten light, and put forward the
following explanation* A strong hand at 19150 cm  ^appears
3+in the absorption spectrum of the U aquo ion, which 
corresponds to an absorption of green light, and so the 
solution should appear red as observed in tungsten light*
The fluorescent light used contained a higher relative 
intensity in the green, allowing even green light to come 
through and make the solution appear dark* He further 
suggested that in concentrated hydrochloric acid, the peak 
was so intense beoause of the formation of a chloride 
complex that even the green component of the fluorescent 
light was absorbedi
The potential for the reaction
tt4+ —TJ + e  ---- ► TJ
has been studied in some detail by a number of workers*
3 8Polarographic measurements have shown that the U(lll)-U(iv)
couple is reversible, and the position of the half-wave
indicated a formal potential of -0*63 V in M HC10. and
4
-0*64 V in M HC1 at 25°C* Heal^ reports the values -0*63 V 
in M HC1 and -0*85 V in 0.5M H^SO^* The potential has also 
been measured by a direct emf method^0, which gave the value 
of -0*63 V in M HC1 at 25°C* Thus uranium(lll) is
thermodynamically unstable to oxidation even by pur© waters
H+(lO~7M) + U3+---- ► U4+ + fe? E° K +0#22 v
Latimer4"*" has shown by calculation that the TJ(lIl)-U(lV)
couple in alkaline solution is -2*1 V.
Until recently virtually no studies of the rates and
mechanisms of the oxidation of tervalent uranium had been 
27reported* Kennedy states that in the absence of oxygen,
solutions of uranium(lll) in M HC1 are quite stable, only
+half being oxidised by H in one week# In the presence of
oxygen half of the uranium was oxidised in 24 hours*
37Jorgensen has estimated that the time of half-oxidation
in 11M HC1 is approximately 10 minutes* The kinetics of the
spontaneous oxidation of uranium(lll) in aqueous media, in
the absence of oxygen, have now been studied by means of a
42spectrophotometric technique * The rate was shown to be
first order with respect to uranium and a complex function
of the hydrogen ion and anion concentrations* In HC1 it was
found that the rate was a minimum at concentrations between
0*2-0*5M (ti_ * 1360 hours at 22°c), and increased with both 
2
increasing and decreasing acidity, as well as in the presence
of lithium chloride* The rate in 0»25M H_S0. is also low
2 4
(ti = 225 hours at 22°C), again increasing with increasing
2
acid concentration* In 0*5-3*5^ HG10 the oxidation proceeds 
approximately 100 times as fast as in HC1 of equal 
concentration* In acetic acid and ethylenediaminetetraacetic 
acid (at pH = 4) ? "the rate of oxidation is very high, the 
half-life being of the order of a few minutes at room 
temperature* It was concluded that the rate of oxidation is
high under conditions where the uranium(lll) exists as a 
hydrolysed or complex ion. The kinetics of the -oxidation of 
uranium(lll) in sulphuric acid have also been studied by
a . 43 44Avram . Newton and Fulton have studied the kinetics of 
the reaction
U3+ + VOg*  ► U4+ + TO*
in aqueous perchloric acid. It was found that the reaction is 
second order. Espensen and Wang4^’4  ^have reported kinetic 
studies on the redox reactions of uranium(lll) with cobalt(ill) 
and chromium(lll).
/ \ 47»54The electronic spectrum of uranium(III) in perchloric ,
48 37*50-54 49.54
deuterated perchloric 9 hydrochloric and sulphuric
acids has been reported. For anhydrous solutions the spectrum
35in formic acid, acetic acid and methanol has been reported. 
Magnetic susceptibility measurements have been made on solutions 
of uranium(lll) in hydrochloric and sulphuric acid^.
(b) Hydrated Compounds
22 23
The first hydrated uranium(lll) compound to be reported f 
was a uranium(lll) sulphate, formulated as ,HU(S0^)2‘. This was 
obtained as a brown solid by addition at 0°C, of concentrated 
sulphuric acid to a solution of tervalent uranium obtained 
electrolytically. Addition of potassium sulphate was reported to 
precipitate a green compound of uncertain composition. Since this 
early work a number of solid, hydrated uranium(lll) compounds have
erf
been characterised . They are uranium(lll) sulphate octahydrate,
TJ (SO ) «8H 0, the dihydrate, U (S0.)_..2H 0, and the related 
2 4 3 2 2 4 3 2 '
double sulphates, M^SO^JJ^SO^^.xB^O (M1 = Ha, K, Rb, Cs,
HH^, the ’green* chlorides, M^TJCl^^^O (M^ = Rb, HH^)
and the ‘purple’ chlorides, M ^ C l ^ ^ O  (M1 = K, Rb, HH^).
These compounds were isolated from aqueous solutions of 
uranium(lll) obtained by electrolytic reduction. All the 
preparations were carried out under nitrogen to prevent aerial 
oxidation, oxidation by water being minimised by isolating the 
compounds as rapidly as possible, and by using cold solutions 
and carefully purified reagents. The magnetic and spectroscopic 
properties of these compounds have also been studied* A brown 
potassium sulphate, K^U(S0^)^.xH20, has also been reported^’^ ,
A number of attempts have been made to prepare uranium(lll) 
halides from aqueous solution. A red-brown, rapidly oxidising 
precipitate was obtained by the addition of aqueous hydrofluoric 
acid to an aqueous solution of the trichloride. However only 
uranium tetrafluoride could be isolated from the reaction 
mixture*^*^0. This work was recently repeated^. A dark green, 
gelatinous precipitate was formed by adding a 20% hydrofluoric 
acid solution to aqueous uranium(lll) chloride, but it could 
not be isolated before it had completely oxidised. An attempt 
was made to separate the solid by centrifugation. The precipitate 
was washed and dried, but oxidation again occurred* A mixture 
of uranium(lll) and uranium(lV) fluorides was produced.
Similar attempts to isolate uranium(lll) fluoride from non- 
aqueous solutions failed. TJranium(lIl) bromide was dissolved
in.dimethylformamide and treated with anhydrous hydrogen fluoride.
„ 59.60However only a green tarry, oxidised product was obtained 7 •
Hydrated uranium(lll) fluoride has been claimed to be formed by 
the addition of ammonium fluoride to an aqueous uranium(lll)
chloride solution*^.
62
It is reported that a solution of uranium(lll) chloride, 
on being evaporated under vacuum, completely oxidised before 
dryness was completed. The same result was observed when 11M 
HC1 solutions of uranium(lll) were evaporated, the oxidation 
being more rapid. Addition of organic solvents such as acetone 
and ethanol to uranium(lll) chloride in M HC1 gave no precipitate 
In 11M HC1 much heat was evolved, and the red solutions rapidly 
oxidised with the evolution of hydrogen.
A yellow-brown, gelatinous precipitate of uranium(lll)
63
carbonate is reported to be produced when excess NaHCO^ is 
added to an aqueous solution of uranium(lll)• However, as in 
the case of the fluoride, the product oxidised before it could 
be isolated. Addition of 2M ammonia solution to an aqueous 
uranium(lll) solution gave a black-brown precipitate^, possibly 
of U(0H):!. This evolved hydrogen and oxidised within a few 
minutes of preparation to give a pale green product. Attempts 
to isolate uranium(lll) oxalate, phosphate and acetate from 
aqueous solution were also unsuccessful and resulted in the 
formation of uranium(rv) species^.
The only other hydrated uranium(lll) compound reported*^ 
is uranium tribromide hexahydrate, UBr^*6H20.
(o) Anhydrous Compounds
It is generally assumed* presumably from a consideration 
of the empirical formulae, that the following uranium compounds 
are in the 3+ oxidation states
uh3 uu - uf3
TO3
UP V 3 uci
ut3 UAs
V e3
UBr
USb
V e3 UI3
UBi
Only for the halides has this been conclusively shown to be 
the case| for the other compounds evidence for and against 
has been produced# For the sake of completeness they will all 
be discussed.
(i) Uranium Hydride# Deuteride and Tritide
The first report of a reaction between uranium and
65
hydrogen was made by Sieverts and Bergner in 1912, Uranium
66
hydride, ^ 3? waa first isolated by Briggs in 1929# It is
a voluminous, grey-black powder made by heating uranium metal 
67 0in hydrogen at 225 C# The hydride decomposes reversibly
at 350-400 °C to give finely divided, highly reactive uranium
metal. The composition of UH^ has been definitely established
it is a true chemical compound# The hydride is often
pyrophoric, and is used as an intermediate in the preparation,
on the laboratory scale, for most uranium compounds for which
uranium metal is the starting material. The uranium-hydrogen
69system has been reviewed by Mallet, Trzeciak and Griffith •
Two polymorphs of uranium hydride are known to exist, of
which i'*16 form commonly encountered. It is found from
70
x-ray data that it has a primitive cubic crystal lattice, 
with a^ = 6.631 1 and eight molecules per unit cell. At low 
temperatures the other form, a e x i s t s  and is also cubic 
with a^ ez 4*1^0 1 and two molecules per unit cell*^. The reaction
*7 ^
of hydrogen with powdered uranium at -80 C gives about a
75*25 mixture of the a — and p-forms. The a -form is stable with
respect to the p-form at 100 °C, but complete transformation
to the p-form takes place at 250 °C. A large number of
measurements have been made of the magnetic susceptibility of
72
uranium hydride. Gruen measured the susceptibility of p 
between 63-603 °K and found a magnetic moment of
^eff “ 4*00 ** “3-37 °K). A ferromagnetic transition was
o 7 ^observed at 173 K. The magnetic moment of a-UH^ is reported
to to |1 = 4-32 BM (e = -174 °K). '
74Uranium deuteride can be prepared by the decomposition 
of deuterium oxide by uranium metal at 600-700 °C, and the 
subsequent reaction of the deuterium so produced with further 
uranium at 250 °C. The rate of reaction of deuterium with 
uranium is much less than that of hydrogen. The structure of 
U3)^ , which is isomorphous with has been examined by
neutron diffraction. The deuterium atoms were shown to
lie in distorted tetrahedra, equidistant from four uranium
°  75atoms, with a TJ-D distance of 2.32 A® Abraham and Flotow
have described the preparation of uranium tritide.
7 6
Trzebiatowski has reported a magnetic moment of h *» 3#80 BM
GII
for uranium deuteride.
Compounds with Elements of Group Vb 
Uranium Mononitride
77The first uranium nitride was prepared by Rammelsberg in
1842, by the reaction of uranium tetrachloride with ammonia#
The uranium-nitrogen compounds obtained since were long assumed
78
and until Rundle in 1945 characterised
them as UR, ^2^3 an<^  ^ 2*
The mononitride is face-centred cubic^ with a = 4*884 2.#
o
80 oIt has a high melting point , 2850 C at 2#5 atm, with a
metallic lustre and low electrical resistivity. It is a light
grey powder and may be prepared by decomposition of uranium
sesquinitride, ^2^3* a vacuum or inert atmosphere at
1250-1500 °C. UR is stable in moist air at room temperature,
and is not attacked by hot hydrochloric acid, sulphuric acid
8lor sodium hydroxide solutions • It dissolves in nitric acid
and reacts rapidly with molten alkali.
The magnetic structure of uranium mononitride at liquid
82helium temperature has been studied by neutron diffraction •
It was found to be antiferromagnetic, with a Reel temperature
of 53 °K and a magnetic moment of 0*75 BM at the uranium atom.
3
The experimental results are consistent for a 5f configuration,
although configurations such as 5^  and 5f^ cannot be ruled
out. The results do seem to rule out the possibility of a
magnetic moment derived from electrons in the 6d shell. The
magnetic susceptibility of UR has also been studied by 
83Trzebiatowski , who reports a magnetic moment of n = 2.14 BM
6x1
(e = +310 °K), and Allbutt84 who found u ^  = 2.15 BM (0 = +325 °
e±f
to Be U H , V J
Uranium Monophosphide
Three phosphides of uranium, UP, and UP^ have been
85-88
characterised • Uranium monophosphide was first prepared
89
by Lillendahl and Briggs by heating finely divided uranium 
with red phosphorus. The product was not of high purity. UP is 
best prepared by the reaction of uranium with phosphine at 
385 °C carried in a stream of argon, with a phosphorus/uranium 
ratio slightly greater than 1. This material was then calcined 
at 1400 °C and a pressure of 10 4 Torr to homogenise it and 
drive off excess phosphorus. The product is a grey powder 
having no range of stoicheiometry at room temperature.
91
Uranium monophosphide is face-centred cubic with a
. o
lattice parameter a = 5*589 •A* It has good resistance too
oxidation and moisture at room temperature, It slowly dissolves
in mineral acids with the evolution of phosphine. The magnetic
92
structure of UP has been determined by neutron diffraction
and shown to be the same as UR, with a Re^l temperature of
125 °K* Another anomaly at about 33 °K was observed, possibly
through some change in the electronic configuration of the
93uranium atom. Sidhu has also studied the magnetic properties
of UP by neutron diffraction. The results are consistent with
a 5f^ configuration for the uranium atom. Several other reports
have been made of the magnetic susceptibility of uranium
88monophosphide. Trzebiatowski found a magnetic moment of 
^eff = (0 = —3 °K), with a Reel temperature of 123 °K,
Allbutt84*^4 has reported the values M0^  = 3*28 BI (0 a -30 °K) 
with a Reel temperature of 125 °K» = 3*58 BM (0 = -36 °:
with a Reel temperature of 130 °K.
Uranium Monoarsenide
86 95—99The uranium-arsenic system has been studied ,
and three compounds UAs, an<^  ^ s2 have been characterised*
Uranium monoarsenide may be prepared"*"^ by the reaction of
finely divided uranium with arsine, AsH^, at about 300 °C.
The product has an overall arsenic/uranium ratdo of about 1*2,.
and after being heated in.a vacuum between 1200-1400 °C gives
pure UAs. It has a cubic structure^ with a = 5*766 £• UAs is
o
antiferromagnetic, and the magnetic susceptibility has been
98measured by Trzebiatowski who found a magnetic moment of
^eff = ( 6 = “32 °K), with a Neel temperature of 128 °K*
101
A neutron diffraction study gives a similar result to that
3+of UP and suggests that the U ion is present in UAs*
Uranium Monostibinide
Three compounds in the uranium-antiraony system have been
c h a r a c t e r i s e d ^ U S b ,  ^ S b ^  an& ^ ^ 2 * ^ranium monostibinide
is prepared by the decomposition of U^Sb^ or USb^ at 1300-1400 °G
in a vacuum. It has the cubic, NaCl-structure with a lattice
constant a^ = 6*176 JL USb is reported to be antiferromagnetic^,
with a Neel temperature of 213 °K* The magnetic moment was
found to be |i = 4*66 BM (0 = -95 °K) *
611
Uranium Monobismuthide
In the uranium-bismuth system three compounds, UBi, ^3 ^ 4
and UBig have been found’*’^  Uranium monobismuthide is
105
prepared by the reaction of uranium powder and bismuth at 
600 °C for 5 days in a sealed, evacuated silica tube, and then
at 900-1000 °C for 10 days* It has the cubic, NaCl-strucutre,
9 105with = 6.356 A* Trzebiatowski has reported that UBi
26
is antiferromagnetic with a Keel temperature of 290 °K, and
a magnetic moment of u __ = 4*16 BM (0 = —115 °K)*
eff
(iii) Compounds with Elements of Group VIb
There are no compounds reported to exist which correspond 
to a ’tervalent* uranium oxide or tervalent* uranium- 
polonium compound*
Uranium Sesquisulphide
Several investigations of the phases of the uranium-
sulphur system have "been made^^^ 110  ^ .^e resuxts appeared
111to he rather contradictory until Picon and Flahaut , in a 
comprehensive survey, showed the existence of the phases 
US, U 2S3, U^B f US2 (a, p andy ) and US .
112
Uranium sesquisulphide was first prepared hy Alihegoff 
in 1886 as a grey-hlack compound hy the reaction of uranium 
trihromide with hydrogen sulphide* ^ ^ 3  may also he prepared 
either (a) hy heating UH^ with HgS or US2 in stoicheiometric 
quantities^’ to 400 °C and then at 1800-2000 °C or (h) 
hy the reduction of US2 with aluminium powder, initially at 
1200 °C and finally at 1325 °C and a pressure of 10*"^  Torr*
The aluminium sulphide and excess aluminium are removed hy 
treating the product with 50$ acetic acid* (c) hy heating 
stoicheiometric amounts of uranium and sulphur in a heryllia 
crucible in a sealed silica tube at 1000 °C for 7 days^^^.
UgS^ slowly dissociates above 1600 °C* It is attacked hy 
mineral acids and mild oxidising agents, whilst alkaline 
hydroxides and potassium dichromate in aqueous solution have 
no action. It can he kept in air for several months hut slowly 
transforms to the oxide at 300 °C.
Uranium sesquisulphide has the orthorhombic Sb^S^ structure 
with a^ ss 10.39, b^ « 10.63 and = 3.88 .&• The magnetic
susceptibility has variously been reported -^6,111 as
110
^eff = 2 and ^eff = 2,^9 Trzehiatowski found a
magnetic moment of h == 2.65 (® = “27 °K). Below 210 °Ke x x
there exists a large deviation from the Curie-Weiss law, but 
no explanation is offered.
Uranium Sesquiselenide
In the uranium-selenium system the phases USe, U^Se^,
U^SSp., USe2 and USe^ have been described^*^*”'^^. Colani
prepared'*'^ uranium sesquiselenide by passing selenium vapour
in a stream of hydrogen selenide over Ua_UCl^. It has also
2 6
been prepared by the reduction of USe^ with aluminium
powder^^^ orthorhombic Sb^S^ structure with
a = 11.33, b *= 10*94 ° * 4*06 A magnetic moment ofo 1 o o
116
|i __ = 2*99 has been reported . e x x
Uranium Sesquitelluride
In the uranium-tellurium system phases analogous to the 
uranium sulphides and selenides have been identified'*’^ ’'*''^ . 
Uranium sesquitelluride has the ^h^P^ structure. It is 
ferromagnetic^^ with a Curie temperature of 150 °K and a 
magnetic moment of |i = 3.66 BM (0 = -120 °K).
6 X X
/) Compounds with Elements of Group Vllb 
Uranium Trifluoride
Uranium trifluoride is a dark violet to black compound
• ,120 ^ n .rtr. on T . A . . . 121,122with a melting point of 1495 0* Its crystal structure
is the hexagonal haP^ structure, in which each uranium lies on a
two-fold axis and has nine nearly equidistant neighbours.
The lattice parameters are aQ « 7*179 and « 7*345 with
six molecules per unit cell. UF^ may be prepared by the
reduction of uranium tetrafluoride with hydrogen'*'^ at 1000 °C,
with aluminium"*^ at 900 °C, or finely divided uranium'^'*
In the last instance a uranium-uranium tetrafluoride mixture
is heated in hydrogen at 250 °0 to give finely divided uranium
hydride which permits intimate mixing, and is then raised to
about 1100 °0 in argon to complete the reduction. During the
reaction with aluminium the monofluoride, A1F which is capable
of existence only at high temperatures, sublimes out of the
reaction zone. Uranium trifluoride disproportionates to a
slight extent at 800 °C.
Uranium trifluoride is insoluble in water and not
129appreciably hygroscopic . In water slow oxidation occurs?
this proceeds at 100 °C with a measureable rate. When heated
in air UF^ is oxidised, first presumably to an oxyfluoride,
and at about 800 °C to With the halogens it reacts at
about 250-300 °C to form the corresponding halofluoride? for
127instance with chlorine the compound UCIF^ is formed*
128The paramagnetic resonance of powdered uranium
trifluoride has been investigated, and although this points
3+to an electronic configuration of the U ion involving both
12?
5f and 6d orbitals,’later calculations by O ’Brien showed
3
that the configuration was more probably 5f • The paramagnetic
resonance of U^+ in single crystals’*"^ of calcium fluoride is
34-similar to that of Ud in the same matrix. Hyperfine structure 
in the former case suggests that the electrons have more 
extended wave functions than the 4f electrons. The magnetic
n 3-1 -l 3 n
moment of UF^ is variously reported "* as .K ^  *® 3*14 BM
(9 - +110 °K), li = 3.18 BM (8 = +98 °K) and u 3.33 BM
011 011
(e = +32 °k).
Uranium Trichloride
At room temperature the colour of uranium trichloride 
is reported to he olive-green*^^, dark brown**"^ and red^.
The melting point is reported'*'^^,‘*'^  ^ to he 842 °C, The crystal 
structure of UC1- is hexagonal, the uranium being nine
D
137
coordinate • This is achieved in the form of a trigonal
prism with three chlorine atoms situated above the centres of
the ’three tetragonal faces. The lattice parameters are
a = 7*442 and c *» 4*320 iL with two molecules per unit cell, o o
134 135UCl^ can be made *  ^by the reduction of the tetrachloride
with hydrogen at about 500 °C? the reduction is achieved
more easily at hydrogen pressures of about 7 atm. However,
UCl^ is best prepared from the metal or hydride by the action
of hydrogen chloride at 250-300 °C, the absorbed chloride being
138 0removed by heating the product in a vacuum at 150 C.
Reduction of the tetrachloride with metallic zinc is also 
139
possible .An interesting purification of UC1^ hy distillation 
as UCl^I in a stream of iodine vapour obviates the high 
temperature necessary for direct sublimation? on cooling the 
trichloroiodide decomposes to uranium trichloride and iodine***^. 
UCl^ has also been purified by vacuum sublimation at 900 °C 
in a molybdenum tube*^ ***. Impure UCl^ has been prepared***^ by 
the reduction of uranium tetrachloride by LiAlH^ in various 
organic solvents at -80 °C.
Uranium trichloride is hygroscopic but to a lesser extent
than the other uranium chlorides* In water it dissolves to give
a purple oolour which soon turns to a dirty green indicative of
uranium(rv)• UOl^ dissolves in glacial acetic acid to give a 
161
red solution , it reacts with formamide and methanol but is
found to be unaffected by anhydrous ethanol. It is insoluble
in carbon tetrachloride, acetone, chloroform, pyridine,
hydrocarbons and other non-polar solvents, and inorganic
solvents such as phosphorus trichloride and stannic chloride1^ .
The reaction of ^01^ with ammonia has been investigated by
Berthold and Knecht^^^ ^  atmospheric pressure ammoniates
result containing 6.8-6.9 moles of whereas under pressure
at room temperature ammoniates containing 7.0-7*4 moles of NH^
are obtained. On heating to 45 °0 UC1^.4NH is formed which
decomposes at higher temperatures to give UCl^.M^. These
ammoniates form amidochlorides, ^NHgJClg, U(NH )gCl and U(NH)C1
on heating in a stream of ammonia at 450-500 °C Above 800 °C
these compounds decompose to give a nitride, approximately
UN- UC1_, reacts with chlorine at 250 °0 to form UC1.. With 
1*75 3 4
oxygen the reaction begins at 150 °C| the product is uranyl 
chloride, UOgCl^*
The thermal decomposition of uranium trichloride according 
to the equations
4UC13(s) -- :----► 3UCX (1) + u(s)
146
has been examined by Hardy-Orena , who measured the vapour
pressure in the temperature range 750^900 °C. The dissociation
*1/17 T A P>
has also been studied by Shchuraev • Dawson reports the
magnetic moment of UCl^ to be [i _- = 2.88 BM (0 = +29 °K).3 e 11
149Measurements involving dilution with LaCl^ have also been made ,
and from a comparison of these data with those for the magnetically
dilute neodymium(ill) compound, Nd(EtSO^)^.9^ 0, it was predicted
that the electronic configuration of the uranium atom in UCl^
is • The magnetic moment from this work was found to he
^eff = = +^5 °K) • This configuration was confirmed
150
hy the interpretation of the paramagnetic resonance
absorption spectrum of uranium trichloride.. The electronic
spectrum of uranium trichloride has been recorded at room
151 152temperature and liquid nitrogen temperature * •
Uranium Tribromide
Uranium tribromide is a dark brown compound with the
137hexagonal UCl^-structure. The lattice parameters are 
a^ = 7*926 and c q = 4*432 1. For the melting point1'*1, values 
in the range 730-755 °0 have been reported# The preparation of 
UBr^ has been studied in some detail and there are several 
general satisfactory procedures# The best methods seem to be 
the direct union of stoicheiometric amounts of the elements 
at 300-500 °C, and the reaction between uranium hydride and 
hydrogen bromide1^ * 1^ , which proceeds smoothly at 300 °C#
It is also formed by the reduction of the tetrabromide by 
hydrogen1^ * 1'*'**1*^ at 5°0 °C or by finely divided uranium metal 
at higher temperatures1^ * 1'*^ , the reaction being best carried 
out in a tantalum tube.
Uranium tribromide is very hygroscopic, much more so than 
uranium trichloride. It dissolves in water with vigorous 
evolution of gas to give a clear, dark red solution, which 
changes colour in 30-60 seconds, to give the characteristic green
of uranium(lV). It is insoluble in non—polar solvents. Dissolution
of BTBr^  in polar solvents usually results in extensive reaction.
In formamide BBr^ forms a deep red solution which in the
course of several minutes turns green with the evolution of gas.
It is reported that UBr^ decomposes rapidly in ethanol even
in the absence of oxygen, hydrogen being evolved. It is
insoluble in inorganic solvents such as phosphorus trichloride
154and stannic chloride . It reacts with chlorine to give
uranium tetrachloride, and with bromine to give the tetrabromide.
Oxygen reacts with BBr^ even at room temperature.
Uranium (ill) bromide, UBr^^HgO, has been claimed to be
obtained by allowing anhydrous BBr^ to hydrate in a moist
oxygen free atmosphere until the appropriate weight change
resulted. The compound can be dehydrated to pure anhydrous
UBr^ by heating in a non-static vacuum at 120 °C. Uranium
tribromide reacts with ammonia to give ammoniates such as
UBr^.6NH^. The preparation of the imido- and nitrido-halides,
U(NH)Br and UNBr has also been reported1^ *
148Dawson has reported magnetic susceptibility data for 
uranium tribromide over the temperature range 90-483 °K, and 
gives a magnetic moment of *= 3.39 BM (0 » -25 °K) •
Uranium Tri-iodide
The most attractive method for the preparation of uranium
160tri-iodide is by direct union of the elements • A 
stoicheiometric amount of iodine is slowly distilled into an 
evacuated tube containing finely divided uranium metal at 350 °C. 
After being sealed off, the mixture is heated first to 130 °C 
for several hours and then at 570 °C for 20 hours. The reaction
may also "bo carried out in a flow—system* Other preparations
159include the reduction of the hydride with methyl iodide at
300 °C, the reduction of the tetraiodide with hydrogen'*'^ and
the thermal decomposition of the tetraiodide in a vacuum •
Uranium tri-iodide is a black solid, with the orthorhombic 
162PuBr^-structure , in which the uranium is eight coordinate,
the coordination arrangement being the same as in the UCl^-
structure but with only two of the iodine atoms situated above
the tetragonal faces* The lattice parameters are a « 4*32,
o
bQ « 14*01 and c^ = 10*01 1. The melting point is reported"*"^
as 160 °C. UI^ is very hygroscopic and dissolves in water
to give a dark red solution. It is reported to be moderately
stable in oxygen-free acidic solutions , and also in
16l
anhydrous acetic acid • UI^ is easily oxidised by air.
The magnetic susceptibility of uranium tri-iodide exhibits 
Curie-Weiss dependence between 200-400 °K, but deviations occur
below 200 °Kf a magnetic moment of |i .. a 3*31 BM (0 « -5 °K)e x x
is reported* At lower temperatures an antiferromagnetic
165transition has been observed *
Uranium(lll) Oxychloride
166Uranium(lll) oxychloride, U0C1, has been reported as
a dark red, crystalline solid obtained by distilling UCl^
and higher oxychloride impurities (10$) at 1000 °C and a 
-5pressure of 10 J Torr. U0C1, although insoluble in water, 
dissolves in dilute sulphuric acid and dilute hydrochloric 
acid with the liberation of hydrogen. It is insoluble in ethanol, 
acetone and carbon tetrachloride. Tetragonal U0C1 was shown by 
x^ray diffraction studies to be isomorphous with LaOCl, AcOCl, 
PuOOl and AmOCl.
Uranium(lll) Mixed Halides
The crystal structures of the tervalent uranium halides 
are such that in any particular compound it is possible to 
replace some of the halogen by others over a wide range of 
compositions* For certain stoicheiometric proportions the 
solids possess maximum stability and behave as chemical 
compounds. Table 4 lists the known uranium(lll) mixed halides'^0* 
They are all black crystalline compounds. Little is known of 
their physical and chemical properties except that they are 
hygroscopic and dissolve in water to give red solutions'.
compound
Table 4
method of 
preparation
estimated m.pt.(°C)
UBrCl
UBr Cl
UIC1
ui2ci
UIBrrt
UIgBr
2UC13 + UBr3
UBr^Cl + H2
TT__ T heat
VG1212  ►
UC13 + 2UI3
ttt n heat
2 2  ►
TTT ^ heatU ^ B r  ----- 1
800
775
750
725
700
690
(v) Other Anhydrous Compounds 
Uranium(ill) Formate
167
The preparation of uranium(lll) formate has been reported • 
It was prepared by the reduction of uranium tetrachloride in 
anhydrous formic acid with zinc amalgamf it is a dark, olive- 
green, crystalline solid. When dry, uranium(lll) formate is stable 
and resistant to oxidation. Magnetic susceptibility
measurements over the range 82-300 °K were made and a magnetic
moment of |i __ « 3*12 BM ( 0 » + 90 °K) was found. Its magnetic 
6x1
properties were shown to he similar to those of neodymium(lll) 
formate, with which it is isomorphous. The existence of
168
uranium(lll) salicylate and phthalate has also been reported •
Uranium(lll) Borohydride
The preparation of uranium(lll) borohydride has been
169described by Schlesinger and Brown • It is formed by the
thermal decomposition of uranium(lV) borohydride at 160 °C«
Uranium(lll) borohydride is pyrophoric and detonates violently
on exposure to air.
Uranium(lll) Cyclopentadienide
The reaction of uranium trichloride with sodium
cyclopentadienide in tetrahydrofuran, followed by heating the
dried reaction mixture in a vacuum, produces a red sublimate
170
in yields of a few percent • The product is extremely reactive
towards air. Analysis showed it to be approximately U(G^H^)3 .
In some cases the product analysed as U(C_H_)_C1, More recent5 5 2
171work has shown that highly reactive uranium metal, formed 
by the reaction of uranium(iv) cyclopentadienide with 
potassium in benzene, reacts with further quantities of 
Tj(C,_Hj_)^  according to the equations
u° + 3U(C5H5)4 ------, 4U(C5H5)3
to give bronze coloured uranium(lll) cyclopentadienide. It can 
also be prepared by the reaction of uranium trichloride with 
potassium cyclopentadienide in benzene*
(d) Complex Compounds
49Shiloh and Marcus have investigated quantitatively the
complex-forming ability of uranium(lll) in solution# From the
presence of bands at 18380 and 18280 cm 1 in the visible spectrum
of uranium(lll) in concentrated lithium chloride and bromide
2+
respectively, the existence of the complex species UC1 and 
2+
UBr was deduced#. The spectra observed in lithium halide 
solutions below 6M did not appreciably differ from those of 
dilute aqueous uranium(lll)• Similarly, from shifts in intensity 
in the spectrum of uranium(lll) with increasing concentration 
of sulphuric acid, complex formation was deduced but no
f
quantitative measurements were made#
C A
Sato has reported the visible spectrum of uraniura(lll) 
in various concentrations of sulphuric, perchloric and 
hydrochloric acid# He found only slight variation in the spectra 
up to 6M HCIO^ and 10M H^SO^f in 12M HC1 the intense band at 
18250 cm 1 was observed, as previously reported by Jorgensen^4 * 
From ion—exchange studies Sato also showed the presence of an 
anionic chloro-complex of uranium(lll) in hydrochloric acid of 
greater concentration than 7M# The intense broad band at 
18000 cm 1 has also been observed in the spectrum of uranium(lll) 
in molten LiCl-KCl17^# Young17  ^reported that uranium(lll) in 
LiF-BeFg melts gave yellow solutions, but red solutions in 
LiF-HaF—KF melts, thought to be due to the formation of halide 
complexes.
A number of uranium(lll) fluoride complexes have been 
reported to exist in fused salt systems§ HaUF in the UaF-UF 
system174’178, K^UF^ KHF^ and K2UF5 in the KF-UF^ system175
1 7 1
and the compounds Rb^UF^- and Cs^UFg. It has been stated 
that lsl, 2 si and 3 si tervalent uranium complexes of the type 
MnUF3+n (mI *a Rb, Cs and n = 1,2,3)can be made but as yet no 
details of the preparation have been published# There is no
"I <iO
complex formation in the LiF-UF^ system , or in the SrF^-UF^
120
and BaFg-UF^ systems • The only other halide complexes of
uranium(lll) reported are chloro-coraplexes. They are the ’purple’
chlorides, M^TJCl^HgO (M1 = K, Rb, UH^)58, and a number of
phases reported to exist in fused chloride systems. In the KC1-UC1
177system the formation of K^TJOl^ and K^UClg has been reported •
It has been suggested however, that about 10-30$ U(lV) was present 
in this experiment, as when excess uranium metal is present, only
1 7 /  1 7 ^
one compound, K^UClj., is found ? • The complexes Rb^TJCl^,
Rb2UCl^ and RbUCl^ are reported178 to be found in the RbCl-UCl^
179system, but only one complex is found in..the GsCl-UCl^ system .
177 17ft
Similar studies failed to characterise ’ any complex chloride
in the LiCl-TJCl^, RaCl-UCl^ and BaC^-UCl^ systems# There is
evidence for the formation of a complex, TJ(A12C1^)3 in an
A1C1.-UC1., melt180#
3 3
The first uranium(lll) complex with an organic ligand to 
be isolated was hexakia(phenazone) uranium(lll) chloride58# This 
was obtained by evaporating a methanolic solution of 
stoicheiometric amounts of RbUCl^^B^O and phenazone to dryness. 
The resulting solid is very unstable, some oxidation occurring 
within a few hours of preparation# Uranium(lll) hexathiocyanato-
chromate complexes of the type |^L3 
4~dimethyi>aminophenazone, and UL6
Qt (3GE)6
Cr(SCH).
with 
with phenazone,
i at
pyridine and dimethylformamide have been reported * Two reports 
have been made of a uranium(lll) cupferron complex* From the 
relative positions of the half-wave potentials for uranium(lll)
T AO
and uranium(iv) in a polarographic study , it was argued 
that the uranium(lll) cupferrate was stable, if not more so 
than the uranium(iv) cupferrate. Uranium(lll) cupferrate is
T Aft
also dubiously reported to have been made in the solid state •
A uranium(lll) complex with di-n-butylphosphate, u [h (DBP),J3,
T Ay!
has been reported to be formed in aqueous solution . A uranium(lll)
185
triethylphosphate complex is extracted by benzene from an 
aqueous solution of uraniura(lll) containing excess potassium 
thiooyanate*
A complex of uranium trichloride and acetonitrile has been 
186isolated . It was prepared by heating UOl^ with a 20 fold 
excess of dry acetonitrile in a sealed tube at 80 °G for 4 days. 
Uranium(lTl) cyclopentadienide forms an adduct with 
tetrahydrofuran, U(C^H^)3.OC^Hg. This reacts with (-)-nicotine in 
benzene to give a black-brown compound, U(C^H^)3.HgC^^H^^yand 
with cyclohexylisonitrile in pentane to give a red-brown 
compound, U(C^H^)3 • This compound is the first example
of a complex compound of uranium with a uranium-carbon single
,171 bond .
3• The Chemistry of the Tervalent Transuranium Elements
(a,) General Chemistry
A vast amount of work has been reported on the chemistry
of the transuranium elements since this has been of primary
importance in connection with solvent extraction, ion-exchange
and precipitation reactions involved in nuclear technology*
However, the chemistry of these elements in the tervalent
state has not been studied in great detail*
The increasing stability of the (ill)state has already
been discussed* The formal potentials for the M(lll)—M(lV)
couples at 25 °C, and the stabilities in aqueous solution are 
n ft 7
summarised in Table 5* Apart from the halides (see Tables 2 
and 3), there are few solid compounds of the tervalent 
transuranium elements* The most important are the sulphates
a * 188-192 . _ , _ ,and these are gxven m  Table 6-#
(b) Complex Chemistry
Most of the evidence concerning complex formation has
193-197resulted from measurements in aqueous solution * Only
a summary of the most important aspects which are relevant 
for a comparison with uranium(lll) chemistry will be given*
(i) Halide Complexes
Very few complex fluorides have been reported•» A neptunium
1 QO
complex has been isolated by adding a neptunium(lll) solution, 
obtained by hydrogen reduction in dilute TCI, to a saturated 
solution of potassium fluoride* The resulting purple solid is 
very sensitive to oxidation* The absorption spectrum shows the 
neptunium to be in the (ill)state* The x-ray powder photograph 
is as yet unindexed, but the compound is not isomorphous
Table 5
Stability of Aqueous Solutions of Tervalent Transuranium Elements 
Ion M(lIl)-M(lV) Stability
U3+ -0*631 V slowly oxidised by H^O, rapidly
by air to U^+
3+
Fp +0*155 V stable in water, oxidised
4+by air to Fp
3+Pu +0.982 V stable to water and air,
4-+easily oxidised to Pu
3+Am +2*44 V stable, difficult to oxidise
3+Cm - stable, not oxidised chemically
Bk3+ (+1*6 V) stable, can be oxidised to Bk^+
3+Es - stable
Pm3+ - stable
3+ 2+Md - stable, can be reduced to Md
3+ 2+Fo —  stable, can be reduced to Fo
3+Lw — stable
estimated value
Table 6
Sulphates of the Tervalent Transuranium 
Plutonium Americium
Pu 2(S04)3.7H20
Pu2(so4)3.5H2o
NaPu(S0 )2.4H20 
FaPu(S04)2 .H20
k p u (so4)2.5H2o
KPu (S04)2.2H20
k p u (so4)2.h 2o
S5P“(S04)4
KgPu2(S04)^
EtPu(S04)2.4H20
GsPu (S04)2.4H20
h h4p u (so4)2,4h 2o
t i p u(so4)2,4h 2o
n 5Pu(s°4)4
Am2(S04)3 .5H20
Am2(S°4 )3
KAm(S04)2.2H20
K6m(S0 )2 
K3Am(S04)3.H20
K8Am2(S04)7
RbAm(S04)2,4H20
CsAm(SO )2.4Hg0 
CsgAm2(S04)7
TIAm(Sp4)2.4HgO
Elements
Curium
KCm(S04)2
with KhUJV* Two other fluorides have been identified in fused 3 6
199 200salt melts, namely NaPuF and HaAinF * It is reported that
i*
no complex formation occurs in the LiF-PuF^ system, or in the
systems (M11 = Ca, Sr, Baj M111 * Pu, Am)201.
There are no reports on the KF, RbF and CsF (Pu, Am) systems#
202
The hydrated plutonium complex , Gs^PuCl^^H^O» which 
loses its water of crystallisation above 155 °C in a vacuum, 
deposits slowly from 4^ HG1 containing an excess of caesium 
chloride* Americium(lll) gives the tetrachloro-salt ,
CsAmCl^.2HgO from 11M HCl, but in the presence of sodium chloride, 
a mixed salt, CsgNaAmClg, crystallises out, The anhydrous 
hexachloro-complexes Cs^AmClg and (Ph^PH)^AmClg have been 
isolated2^3?^04 £rom e-fckanol saturated with HOI gas# There are
several reports concerning the identification of complex
I 205 206
chlorides in M Cl-PuCl phase studies • A number of these
are listed in the following table*
Table 7
KPuo01 K0PuCl K,PuCl, Sr^PuCl
2 7 2 5  ’3 6 3 9
RbPu0Cl Rb_PuCl Rb.PuGl. Ba_PuGln
2 7  2 5 3 6  3 9
CsPUgOl^
207 208
Similar studies ? failed to characterise any complex
chlorides in the systems LiCl-PuCl2, FaCl-PuCl , MgOl -PuCl
3 3 2 3
and CaClg-PuCl^*
Feptunium(lll), plutonium(ill) and americium(lll) have 
been shown to give20'^2*^ the species MC1^+ and MCI*#
212 213
Ion-exchange work * has confirmed the existence of such
species for Am(lll)# In very high chloride concentrations the
2-
formation of anionic complexes such as AmCl^ and AmCl^ has
214
been reported both from spectrophotometric and ion-exchange 
PT R*—PI 7
studies • *. There is evidence for the formation of
3— 218 2+CmClg in ethanol saturated with HC1 gas , and that CmCl
is more stable2^  than PuCl2* and AmCl^+ * Feptunium(lll),
plutonium(ill) and americium(lll) form similar but weaker 
209 211
bromide complexes 9 , and although there is some evidence
211for an iodide complex of Am(lll) , there is no evidence for 
Fp(lll) and Pu(lll) iodide complexes#
) Complexes in solution
Only recently have quantitative results on complexes of
plutonium(lll) with sulphate been reported# Using cation
220exchange techniques, Fair found evidence for the cationic
complexes Pu(S0^)+ and Pu(HSO^)2*# A spectrophotometric
191
investigation by Lebedev indicates that americium(lll) forms 
complexes of composition Am(SO^)* and Am(S0^)~* Complexes of 
this form have also been shown to exist for curium(lll) and
p p n
californium(lll) •
Using hydrazine as a reductant, it is possible to prepare 
plutonium(lll) in nitrate media, and spectral studies have
209
been made on such solutions* In 8M LiFO^ solution the spectrum
of plutonium(lll) undergoes greater change than in LiCl
solution, but the characteristic peak of Pu(lll) at 32050 cm ^
is obscured by the absorption due to the nitrate ion* By an 
222
extraction method the composition and stability constants 
of Pu(lll) nitrate complexes in aqueous and tributylphosphate
i 2+solution have boon determinedg they are of tha form Pu(NO^) ,
and Pu(HO^)°. The stability constant of the complex
2+ 221 
Am(HO^) has also been determined •
233
Choppin and Ketels have investigated the plutonium(lll)-
thiocyanate system using a solvent extraction technique
employing bis-(2~ethylhexyl)orthophosphoric acid. From the
variation in extraction of Pu(lll) with thiocyanate concentration,
2+
the stepwise formation constants for the species Pu(SCH)
and Pu(SCU)* were calculated. Americium(lll) has also been
found to form complexes22^ of the form Am(SCU)3 n (n^4)»
Three chelate complexes of plutonium(lll) with EDTA have
2+
been reported, PuY , Pu^Y and PuHY. The first two were
225
identified by Foreman and Smith • Investigation of the Pu(lll)-
226
EDTA system by an electromigration method at various pH
227
values also indicated the presence of PuY and PuHY. Fuger 
studied complex formation by americium(lll), curium(lll) and 
californium(III) in EDTA solutions over the pH range 2.0-3,3.
It was established that complex ions of the type MY are formed 
under these conditions*
228A cation exchange study showed that plutonium(lll) forms
three complexes with citric acid. They are Pu(cit)0, Pu^gCit)*
and Pu^gCit)®# Similarly the same author found complexes of
2+ +plutonium(lll) with tartaric acid, Pu(Htart) , Pu(tart) and
' OOQ
Pu(tart)g. Americium(lll) forms complexes with citrate, 
tartrate, lactate and a-hydroxyisobutyrate to form species 
of the type Am(cit)°, Am(cit)3 and Am(tart)~.
A variety of complexes is formed between oxalate and 
plutonium(ill) depending upon the pH and ligand concentration.
230Using a cation exchange technique, Gel’man found that
Pu(Hox)^ and Pu(ox)2 were the main species in 0.005II...oxalic acid
in the pH range 1*4-3.0. In solutions containing 0.01-2.4M
231
^2C2°4 3? solubility studies indicated the presence of
3 5 o
Pu(ox)2, Pu(ox)^ and Pu(ox)^ at 20 C« In an investigation to
determine the solubility of C2°4^3*^H2° in a<lueous
232 + —  
potassium oxalate , the complexes Am(ox) , Am(ox)2 and
Am(ox)3 were found.
The plutonium(lIl)-acetate system has been investigated by 
233
Magon employing a potentiometric technique. The stability
2+ 4.
constants for the complexes Pu(ac) and Pu^c)^ were measured.
The existence of carbonate complexes of plutonium(lll) has
been suggested by the solubility of Pu(OH)^ in 45$ aqueous
234
KgCO^, with the formation of a blue solution , and of
plutonium(lll) oxalate in carbonate solutions23"*. An
electromigration experiment showed that americium(lll) forms
192stable complexes with carbonate and acetate ions •
In solution curium exists only as Cm(lll) and closely
resembles americium(lll) with respect to complex formation,
—  2+The stability constants for the complexes Cm(ox)_, Cn^FCh)^ ,
2 3 3
Cm(S0(t)+ and Cm(S0 )0 have been determined"*"^2 • Tervalent 
4 4 ^
berkelium forms complexes with citrate, tartrate, lactate,
oxalate, glycolate, a-hydroxyisobutyrate and thiocyanate 
196 236 237
ions * ’ • The complexing tendencies of californium,
einsteinium, fermium and mendelevium have been investigated 
by ion-exchange and distribution measurements"*" 233 2^  in 
tracer amounts. The elution of these elements with solutions 
of citrate, a-hydroxyisobutyrate, concentrated hydrochloric
acid and other eluents show that in their chemical behaviour 
and in particular complex forming ability, they hardly differ 
from the previous transuranium elements and each other,
(c) Organometallic Compounds
IIITricyclopentadienide compounds of the form M
5 5 3
24-1 242have now been reported for neptunium , plutonium ,
. . 243 . 244,245 - , - 246 3 n ^ . 2 4 6americium , curium * , berkelium and californium •
247
It has been suggested that these compounds, although more 
covalent than the corresponding lanthanide compounds, are 
highly ionic and thus should be designated as tricyclopentadienides 
and not tricyclopentadienyls.
4* The Complex Chemistry of Tetravalent and Pentavalent Uranium
(a) Tetravalent Uranium
The chemistry of uranium(iv) is very extensive‘*','^,2^ ,  
and during recent years a systematic synthesis of complex 
oompounds of uranium(iv) with various types of ligands has
heen carried out. This is especially true of compounds containing
249 250 251 252ligands such as sulphate , sulphite J , nitrate * ,
253 254 255carbonate , oxalate  ^ and acetate  ^ . Compounds containing
256 257
ligands such as thiocyanate ’ have also been studied* Apart
from the halides, there seem to be very few reports of ’simple’
uranium(lV) compounds, and attempts to prepare uranium(lV)
nitrate2"^2, U(NO^)^, and uranium(lV) perchlorate2"^6,
have been unsuccessful.
(i) Halide Complexes
A large number of uranium(lV) halo-complexes are known,
and some of these are listed in Table 8. They have recently
4 195 259
been exhaustively reviewed ? , and only a short
summary will be given.
Numerous complex fluorides of the types M^UF^,
M*UF., M*UF , M^UFa, M^U.F , MJU F and MI:ETJF. are known260.
2 6 ’ 3 7 4  8 7 °  31 4 17 6
These have been prepared in a variety of ways, including
fluorine oxidation of lower valence complexes, fusion of
stoicheiometric amounts of the component fluorides and in
a few instances only, by precipitation from aqueous solution.
261The pale green sodium , potassium and lithium salts, 
M^UCl^, and calcium, strontium and barium salts, M^UClg, 
have been made by passing uranium tetrachloride vapour over
262 263
the alkali or alkaline earth chloride at red heat ’ •
40
Table 8
Examples of Uranium(lV) Halo-complexes
Fluoride8,
T"\
Chloride Bromide0
L i3UF7 Li2UC16 Ia2UBr6
LiUF_
5
Ha2UCl6 K2UBr6
LiV l 7 K2UC16 (me4)2uBr6
JTa^UF^ Cs2UG16 (HEt4)2UBr6
Fa2UF6 Rb2UCl5 (Ph3PH)2UBrg
NaU2F9 CaUCl.6 (Et3PH)2UBrg
k3u f 7 SrXJCl6 (Ph PBu) UBr 
3 2 *
^2*9
BaUCl6
Rb^UF^ (fflIe4)2TJCl6 .
Rb2UF5 (NEt4)2UCl6
RbUF_
D
(Ph4As)2UCl6
Cs3UF7
CsUF_
5
(h h4)2u f 6
CaUFg
SrUF6
BaUF6
Iodide^
(PV S)2UI6
a* ref* 260*
b. refs. 261,262,271*272. 
c# refs. 262,265,266,267 * 269* 
d* ref* 270*
Non-aqueous solvents also provide a' convenient ioute to the 
hexaohloro-complexes• Tetraethylaramonium hexachlorouranate(iv) 
is made hy mixing solutions of uranium tetrachloride and 
tetraethylammonium chloride in thionyl chloride, evaporating
the solvent and precipitating the complex with acetic
immor
265
9
anhydride • This, and the corresponding tetramethyla nium
compound, is also easily made from methyl cyanide solution 
The preparation of tetraethyl- and tetramethylammonium 
hexahromouranates(iv) from methyl cyanide solutions of the
265tetrabromide and tetra-alkylammonium bromide has been reported
Sodium and potassium hexabromouranates(lV) have been made by
26^
heating the alkali bromide in uranium tetrabromide vapour .
The tetraethylammonium compound has also been made from
■ethanol saturated with HC1 gas, from which the salt is
266precipitated with acetone , and the tetramethylammonium
hexabromouranate(lV) from 6M HC1 • The triphenylphosphonium
268salt crystallises from aqueous acetone-hydrochloric acid •
268Jorgensen has investigated the spectra of mixed chloride-
bromide complex anions in nitromethane solutions, obtaining
2-
the consecutive formation constants for the species UBrGl 
2_
and UBr^Clg • Triphenylbutylphosphonium tetrachlorodibromo- 
uranate(lV), (Ph^BuP^UCl^B^» has been isolated from 
phosphonium bromide and uranium tetrachloride in methyl cyanide 
solution*^.
Although the spectrum of the hexaiodouranate(lV) ion in
266methyl cyanide has been reported , solid compounds have
only recently been obtained. The red compounds 
/ I  *t* + \(M b 9 Ph As ) have been made by the reaction of the
tetraiodide with the appropriate cation iodide in methyl 
270 273
oyanide solution « Ryan has prepared hexaiodo-complexes 
of uranium(iv) "by condensing anhydrous hydrogen iodide onto 
hexachloro- or hexabromo-complexes.
) Complexes with Organic Ligands
The uranium tetrahalides form a relatively large number
of complexes with organic molecules, and these have been
.194,195,259 . . , A .n, ^
reviewed • Again only a short summary will be
given#
Uranium tetrachloride forms numerous complexes, mainly
with oxygen donor ligands containing the C=0, P=0 and S=0
groups, and to a lesser extent with nitrogen donor molecules
such as ammonia and methyl cyanide. Only one complex is
known with a monodentate sulphur donor, that is
1,2-dimethylthioethane, but complexes with simple ligands
containing phosphorus as the.donor atom are unknown.
Uranium tetrabromide also forms complexes with ammonia, methyl
cyanide and oxygen donor ligands. Examples of these complexes
are given in Tables 9 and 10. Uranium tetraiodide forms few
complexes, mainly with donor molecules containing the C=0
group. A complex with cyclohexylisonitrile, UI^.CUC^H^, has 
288been reported • It is very unstable and has to be handled 
and stored at -5 °C.
Complexes of UI^Cl^ and UI^Cl with dimethylacetamide, 
U^Cl'g^DHA and UI^Cl^DMA have been reported*^. The first 
is obtained by treating the complex 2UC1^*5UMA with a large 
excess of sodium iodide in dimethylacetamide or methyl cyanide, 
and this reacts with sodium iodide in nitromethane to give
Table 9
Examples of Complexes formed b.v Uranium Tetrachloride
Ligand (l ) Complex Reference
C=0 complexes
Acetamide UCl .6L
4 271
U,U!-Dimethylacetamide UC1/.2.5L
4 271
Limethylformamide UC14#2.5L 274
Ethyl acetate UC1..3L
4 275
P=0 complexes
Hexamethylphosphoramide UC1 .2L 
4
276
Triphenylphosphine oxide UC1 *2L 
4 269,274,277
Phosphorus oxychloride UCl *4L 
4 278
S=0 complexes
Dimethylsulphoxide UC1 .7L
4 279
N complexes
Methyl cyanide UC1.4L
4
275,280
Ammonia UC1.*12L 
4
144,281
Pyridine UC1 ,L 
4
282
0 complexes
Primary alcohols UC14 .4L 283
Uitrosyl chloride UC1. *2L 
4 284
TotraLydrofuran UC1 ..3L 
4 285
Rioxan UC14 «3L 274
P complexes
• Tetra-P-methylenediphosphine UC1 .L 
4
286
S complexes •
1,2-Dimethylthioethane UC1 -2L 
4
286
Table 10
Examples of Complexes formed by Uranium Tetrabromide and Tetraiodide 
Ligand (l ) Complex Reference
C=0 complexes
Acetamide UBr.*6L 280
4 '
N,1'P-Dimethylacetamide UBr *4L 280
UI4.4L 289
Dimethylformamide UI4*4L 287
P=0 complexes
Hexamethylphosphoramide UBr4 «2L 276
Triphenylphosphine oxide UBr4 *2L 269
SsO complexes
Dimethylsulphoxide UBr4*6L 276
N complexes
Methyl cyanide UBr4#4L 275,280
the UI^Cl complex. The urea complex, UICl^.8C0(HH2)2 is known2^0 . 
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Bagnall has reported the preparation o>f trichlorocyanato-
tetrammine uranium(lV), UCl CN.4UH^, by the reaction between
5 3
uranium tetrachloride and sodium cyanide in liquid ammonia*
Very few reports, have been made of uranium(lV) phenazone
complexes* Hexathiocyanatochromate complexes of uranium(lV)
with phenazone and 4-dimethylaminophenazone (6sl), and pyridine and
pop
dimethylformamide (8s1) have been prepared • They are of the 
form [uLj3[Cr(SCU)6]4? and are isolated by dissolving 
stoicheiometric amounts of UC14 and £cr(SCN)g] in water 
and adding an aqueous solution of the ligand until precipitation 
is complete*
(iii) Organometallic Compounds
Uranium tricyclopentadienide chloride, U(C H ) Cl, has been
293 294
known for some time , and is best made by the reaction of
thallium cyclopentadienide with uranium tetrachloride in
tetrahydrofuran. A number of other cyclopentadienide derivatives
are known2"^, including U(C_H_). and U(C H ) BH . Two other 
7 5 5 4 5 5 3 4
organometallic compounds of uranium have been reported,
p Q C
bis(cyclooctatetrenyl)uranium , ^(^3^3)2* an^
on (L
tetra(allyl)uranium , U(C3H^)4 « The former is made by mixing 
cyclooctatetraene and potassium in dry, oxygen-free tetrahydrofuran 
at -30 °C| it is spontaneously flammable in air.
Tetra(allyl)uranium is obtained from uranium tetrachloride and 
C^Hj-MgBr in diethyl ether at -30 °C. The dark red, crystalline 
compound is not thermally stable above -20 °C and must be stored 
at -78 °C§ it also burns spontaneously in air.
Pentavalent Uranium
297
The relatively small amount of information available
on the ohemistry of uranium(v) is not surprising considering
the strong tendency of U(v) to disproportionate to U(lV) and
U(vi), and the ease and rapidity of oxidation of U(v) to U(vi)
The extreme sensitivity of uranium(v) compounds to atmospheric
oxygen and even trace amounts of water vapour require very
rigid experimental control in their study. Even so, the amount
of work published on the chemistry of uranium(v) is a great
deal more than that available on uranium(lll) chemistry.
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Uranium(v) forms a number of halo-complexes of the
type U1VX6 (X = F, Cl, Br, I) and MgUOX^ (X = F, Cl, Br), and
numerous alkoxide, halide alkoxide and related compounds with
amines, p-diketones and p-ketoesters. A few complexes of
uranium pentachloride with oxygen donors are known. The orange
298red compound, UCl^.Ph^PO, is conveniently prepared by
treating caesium pentachlorouranate(v) with phosphine oxide in
methylene chloride. An adduct with thionyl ohloride, UCl^.SOCl 
299
is obtained by refluxing uranium trioxide with thionyl 
chloride until dissolution is complete, followed by vacuum 
evaporation of the solvent. A dark red complex'^0 with 
trichloroacryloyl chloride (TCAC), UC1^.CC12=CC1C0C1, occurs 
as a by-product during the conversion of the trioxide to 
uranium tetrachloride with hexachloropropene.
301,302
Recently it has been found possible to prepare 
addition complexes of uranium pentachloride with a large 
number of nitrogen, phosphorus and arsenic donors, simply by
adding benzene solutions of the ligands to a benzene solution 
of the complex UC1_.TCAC. Complexes of uranium pentachloride^^ 
with pyridine, quinoline, isoquinoline and a- and p-picoline 
have been prepared by the reaction of UCl with the appropriate 
ligand in thionyl chloride.
EXPERIMENTAL
1* Preparative Techniques
Sinoe uranium(lll) compounds are readily oxidised by 
atmospheric oxygen and water vapour, preparative methods 
including the use of nitrogen line, vacuum line and glove box 
techniques have been employed.
(a) Nitrogen Line
This consisted of an all-glass system incorporating 
vacuum taps, ground glass joints, a mercury manometer and a 
two-stage rotary vacuum pump. A schematic representation is 
given in Fig.l. Traces of oxygen were removed from high purity 
nitrogen ( 10 ppm 0^) using a B.T.S. catalyst (Type R3-11). This 
is finely divided copper oxide deposited on an inert carrier 
and activated by various reagents. The catalyst was supplied in
o /-tthe oxidised form and was reduced with hydrogen at 140-160 0
before use. The nitrogen was dried with anhydrous magnesium 
perchlorate. Apiezon high vacuum grease 'L1 was used on the taps 
and ground glass joints.
Using this apparatus it was possible to perform
deoxygenation, precipitation, filtration, washing and vacuum
drying in the absence of oxygen. The apparatus for filtration
is illustrated in Fig.5§ this and the other procedures have
304
been described in some detail . Traces of oxygen were removed 
from the walls of the apparatus by repeatedly evacuating and 
filling with nitrogen.
(b) Vacuum Line
This was an all-glass apparatus of similar design to the 
nitrogen line except that a diffusion pump system was 
incorporated. It is illustrated in Fig.2. Nitrogen was purified 
with B.T.S. catalyst and dried by passing it through a trap
cooled with liquid nitrogen and then through a column containing 
magnesium perchlorate. Uranium metal, contained in a Pyrex tube 
heated by an electrical furnace, was used for the purification 
of other gases (e.g. hydrogen, hydrogen chloride, etc.). The 
reaction tube, shown in Pig.3, was heated by an electrical 
furnace and consisted of a sintered-glass disc in a long Pyrex 
tube, on which the solid-gas reactions were carried out. Before 
use the reaction tube was degassed at §00 °0 under high vacuum 
(10 ^ Torr) to remove traces of water vapour and atmospheric 
oxygen. The temperature was measured to £5 °C with a platinum 
,vs. platinum-13$rhodium thermocouple linked to a chart recorder. 
Glove Box
A dry nitrogen atmosphere was found essential for 
manipulating some of the very air-sensitive and hygroscopic 
compounds and this was maintained in a large Mecaplex glove box* 
The nitrogen was purified with B.T.S. catalyst and dried in 
columns containing molecular sieves (Type 4A, 4-8 mesh) and 
anhydrous magnesium perchlorate. The design of the glove box was 
such that it could be evacuated and filled with a fresh nitrogen 
atmosphere, and an evacuable entrance port ensured that a ’good1 
atmosphere was maintained when introducing apparatus into the 
main box. To minimise the build-up of oxygen by diffusion 
through the rubber gloves, the nitrogen in the box was circulated 
through B.T.S. catalyst# Dishes of phosphorus pentoxide were 
kept inside the box to keep the nitrogen atmosphere rigorously 
dry and these were changed regularly.
It was found difficult to maintain a very low level of 
oxygen in the box and on some occasions a small polythene 
glove bag containing high purity argon was used. This was flushed
continuously and consequently because of its much smaller volume 
gave an inert atmosphere with a much lower oxygen content.
(d) Electrolytic Cell
Aqueous solutions of uranium(lll) were prepared by 
electrolytic reduction at a mercury cathode. The reduction 
vessel (see Pig.4 ) was_a standard Quickfit type, having a five- 
inlet top joined by a ground glass flange. The cathode was a 
pool of mercury (1 .5 kg) to which electrical connection was made 
by a platinum wire electrode. The anode consisted of platinum 
foil (l cm^) contained in a glass tube and separated from the 
bulk of the solution by means of a sintered-glass disc (grade 3) 
The electrodes were connected, by means of tungsten leads, to a 
stabilised power supply giving a maximum current of 5 A and 
voltage of 30 V. The current could be set to any predetermined 
value, and was limited electronically by the power supply. This 
meant that a constant current could be passed through a solution 
and the current was reproducible for solutions of the same 
concentration. The supply automatically compensated for 
resistance changes in the cell during electrolysis by adjusting 
the voltage. The mercury and electrolyte were stirred throughout 
the reduction, the stirrer being driven by an electric motor. 
Before the electro-reduction was started the cell, with the 
electrolyte in it, was evacuated and filled with nitrogen three 
times. The cell was immersed in a bath equipped with efficient 
water cooling. The apparatus for removal of uraniura(lll) 
solutions from the cell is illustrated in Fig.6.
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(e) Reagents
In most oases it was found necessary to use very pure 
chemicals and particular attention was paid to the purification 
of gases and solvents. Hydrogen was purified by passing it over 
finely divided uranium metal (99*4$) at 400 °G and hydrogen 
chloride, hydrogen bromide and methyl iodide with the appropriate 
uranium trihalide at 400 °C. These reactions were oarried out 
in the purification tube, thus removing any impurities which 
were likely to interfere in the main reactions. Spectroscopically 
standardised uranium metal (99*99$) was used in the main 
preparative reactions for the trihalides.
Methanol, ethanol, tetrahydrofuran, methyl cyanide and
305dimethylformamide were dried by the usual methods and 
distilled under nitrogen. Reagent grade uranyl sulphate and 
chloride were used.
2* Physical Techniques
(a) Electronic Spectra
(i) Solid State Spectra
Solid state spectra were recorded in the range 
50000-4100 cm’"'1' by diffuse reflectance, using a Unicam SP700C 
recording spectrophotometer a^ nd lithium fluoride as reference.
Two methods of sample presentation were used* Air stable 
compounds were contained in one half of the circular cell 
provided with the instrument, the other half containing a 
reference. Hygroscopic and oxygen-sensitive compounds were 
contained in a 2 mm silica cell, which was filled and sealed 
under vacuum. This, and an identical cell containing the 
reference, were placed in a special metal holder which held
them side by side* To prevent misting at liquid nitrogen 
temperature, a constant stream of dry nitrogen was blown onto the 
lower cell windows. An insulated box was placed over the metal 
cell holder and this was arranged over the upper window. Liquid 
nitrogen was introduced through a hole in the top of the box 
and the reservoir kept full for 30 minutes, after which time the 
spectrum was recorded.
(ii) Solution Spectra
Solution spectra were recorded on a Unicam SP700C 
spectrophotometer using 2 mm and 1 cm silica cells, which were 
fused via graded seals to Pyrex vacuum taps. The cells were 
filled under nitrogen. All solutions were thoroughly deoxygenated, 
and the spectra were run against pure solvent as reference. To 
minimise oxidation the cell compartment of the instrument was 
cooled to 5 °C by continuous refrigeration.
(b) Magnetic Measurements
Magnetic susceptibilities were determined over the
temperature range 80-300 °K by the Gouy method, using the .
306 ,
apparatus described by Earnshaw . Air-sensitive compounds were
sealed in Pyrex tubes which were of uniform cross-section with
flat bases to ensure that the sample was as cylindrical as
possible* Since the diamagnetism of the glass varied with
temperature, the glass corrections were determined over the same
temperature range. It was found difficult to pack air sensitive
compounds to fixed lengths and so magnetic strengths for various
lengths of samples between 6 and 11 cm were determined with
307
solutions of nickel chloride •
The specimen was surrounded by a cryostat to maintain the 
temperature at any predetermined value. Temperatures were
measured by a thermocouple near the centre of the oopper 
cylinder surrounding the sample tube. The molar susceptibility 
X^ was calculated from the equations-
v - 2wglM 3 .-1XT/r = — ~ —  cm mol
** WH
where W = apparent increase in weight due to the field (g) 
g a acceleration due to gravity (cm s*~ )
1 = length of specimen (cm)
M = molecular weight
W a weight of specimen (g)
H = magnetic field strength calibration value
for specimen length 1 (gauss)
The atomic susceptibility X^ of the uranium ion was obtained
300
by correcting for the diamagnetism of the ligands and of the
55uranium ion • The magnetic moment was then calculated from the 
equations -
= 2 . 828] /x ^ r  BM
3• Analytical Techniques
Some difficulty was encountered in the analysis of
uranium(lll) compounds and the procedures used will be given in
some detail. All analyses were carried out in duplicate.
(a) Uranium(lll) Sulphates
Uranium was determined gravimetrically as after
309ignition of ammonium diuranate . Sulphate was determined as 
BaSO^. A sample of the sulphate or double sulphate (0•5 g) w&s 
weighed from a sealed tube by difference and placed in a beaker.
Hydrochloric acid (3M, 5 “l) was added, and the mixture heated
to toiling* This oxidised the uranium(lll) to uranium(lV) and
gave a green solution* Nitric acid (l6M) was carefully added
dropwise until a yellow solution of uranium(VI) was obtained*
The solution was diluted to 150 ml and uranium analysed as
The sulphate analysis was performed on the filtrate, after
acidification with hydrochloric acid (3M)*
(t) Uranium(lll) Complex Chlorides
Uranium was estimated as UgOg and chlorine was determined
gravimetrically as silver chloride* Care had to te taken to
prevent loss of chlorine in the analysis. The sample (0*3 g) was
added directly to nitric acid (3M, 10 ml), diluted to 50 ml, and
the mixture heated to toiling until the uranium(iv) was oxidised
to yellow uranyl nitrate* The solution was diluted to 150 ml and
analysed for uranium*. The halogen analysis was performed on the
resulting filtrate, after acidification with nitric acid (3M)*
(c) Uranium(lll) Halides
For uranium trichloride, and tritromide, uranium was
determined as U-.0o and the halogens gravimetrically as the 
3 o
appropriate silver halide* Special care had to te taken to 
prevent loss of halogen on dissolution of the solid* The sample 
(0.2 g) was weighed directly into a stoppered flask. Nitric acid 
(3M, 10 ml) was added and then a few drops of hydrogen peroxide 
(10 vol.). The resulting solution was shaken until the uranium 
was oxidised to yellow uranium(Vl). The solution was diluted to 
150 ml and analysed for uranium. The halogen analysis was 
performed on the resulting filtrate, after acidification with 
nitric acid (3M) •
Uranium trifluoride monohydrate (0.1 g) was dissolved in
nitric acid (l6M, 5 ml)* diluted to 25 ml and heated to hoiling
until the uranium was oxidised to uranium(VI)• The solution was
diluted to 100 ml and the uranium determined as U^0o and the
5 o
309fluoride as calcium fluoride - •
Uranium tri-iodide (0.2 g) was weighed out by difference 
into a beaker and a mixture of sulphuric (36M, 4 ml), nitric 
(l6H, 3 ml) and perchloric (llM, 1 ml) acids added# This was 
heated to dryness, thus driving off the iodine. The residue was 
dissolved in water (150 ml) and analysed for uranium in the 
usual way*
(d) Uranium(lll) Complexes
Oarhon, hydrogen and nitrogen were estimated 
microanalytically using a Perkin-Elmer 240 Elemental Analyser.
The samples were sealed in weighed aluminium capsules in an 
argon atmosphere. For the uranium analyses, the complexes (0.5 g) 
were decomposed with a mixture of sulphuric (36M, 4 ml), 
nitric (l6M, 3 ml) and perchloric (llM, 1 ml) acids. In each 
.case, the resulting solution was heated to dryness, the residue 
dissolved in water (150 ml) and uranium determined as UgQg*
PREPARATION AND CHEMICAL PROPERTIES
OF URANIUM(lIl) COMPOUNDS
1* Preparation of Uranium(lll) in Solution by Electrolytic Reduction 
Uranium(lll) solutions have been prepared in sulphuric, 
hydrochloric, hydrobromic and hydriodic acids using the 
electrolytic cell described on page 59* Since uranium(lll) 
solutions are readily oxidised by atmospheric oxygen, the 
reductions were carried out under pure nitrogen.
(a) Preparation of Uranium(lll) in Sulphuric Acid
A solution of uranyl sulphate, UOgSO^.B-JH^o, in M sulphuric 
acid (Q.3M in uranium) was electro-reduced in the coll for five 
hours. The reduction was performed at a current of 2-3 A and a 
voltage of 20-30 V, the exact values depending on experimental 
conditions. The cell was cooled with water throughout the 
experiment and the rate of stirring was adjusted so as to prevent 
polarisation of the mercury cathode. Sulphuric acid (M) was used 
in the platinum anode compartment. The initially yellow solution 
rapidly became pale green and then dark green as the reduction 
to uranium(lV) was completed. The current v/as observed to fall 
after the reduotion to uranium(lV), which took about 2 hours, 
due to a blockage of the anode compartment by crystalline 
uranium(lV) sulphate. On further reduction this redissolved as 
the very soluble uranium(lll) sulphate, and the current increased 
to its original value.
On passing the uranium(lV) stage the solution appeared very 
dark green, almost black, by reflected light. However, viewed by 
light transmitted through the cell from a tungsten lamp, this 
solution had a red tinge which progressively increased in 
intensity, so that at complete reduction the solution appeared 
wine red by non-fluorescent transmitted light. After four hours 
the cell was cooled in ice and water, and the reduction continued
for a further hour#
The electrode processes occurring during the reduction were, 
at the cathodes
UO^* + 4H+ + 2e~ — ► u4+
U4+ + e — ►
^3+
H+ + e~ -— ¥ 4-h
at the anodes
20H ---► H^O + + 2e"~
It was important that high purity mercury was used for the 
cathode, and overall cleanliness of the cell was essential 
since solid impurities provided centres for the formation of 
hydrogen gas and promoted oxidation of uranium(lll) to 
uranium(IV)*
(b) Preparation of Uranium(lll) in Hydrochloric Acid
A solution of uranyl chloride in M hydrochloric acid 
(0.15M in uranium) was prepared, and filtered to remove solid 
impurities* This was then electrolysed at 20-30 Y and 
approximately 1 A, using hydrochloric acid (m) as the anode 
liquid* After only one hour the solution became dark green, 
characteristic of uranium(lll), and after two hours the solution 
was wine red by transmitted light* The cell was cooled with ice 
and the electro-reduction continued for a further one to- two 
hours* The chlorine liberated at the anode was collected in 
traps cooled with solid carbon dioxide*
(c) Preparation of Uranium(lll) in Hydrobromic Acid
An aqueous solution of uranyl bromide (o*15M in uranium) 
was prepared by mixing stoicheiometric quantities of uranyl 
sulphate and barium bromide in water, and filtering off the
precipitated barium sulphate, after digestion for several hours 
on a steam bath. The resulting uranyl bromide solution was made 
M in hydrobromic acid. The solution was electro-reduced in the 
cell at 20-30 V and 1 A, using hydrobromic acid (9M) in the 
anode compartment. The complete reduction took only thre6 to 
four hours. The bromine liberated at the anode was removed in a 
stream of nitrogen and collected in traps cooled with solid 
carbon dioxide.
(d) Preparation of Uranium(lll) in Hydriodio Acid
An aqueous solution of uranyl iodide (0.I5M in uranium) was 
prepared in the same manner as uranyl bromide except that barium 
iodide was used. The solution was made M in hydriodio acid and 
electro-reduced as above. Hydriodio acid (7H) was used as the 
anode liquid. The reduction took three to four hours, the 
correct current being maintained by removing the liberated 
iodine in a stream of nitrogen.
2* Preparation of Hydrated Compounds 
(a) Uranium(ill) Sulphates
(i) Uranium(lll) Sulphate Pentahydrate U^SO^)^.5H2O
Uranium(lll) sulphate solution (60 ml) was transferred 
from the cell into a flask under nitrogen and added slowly with 
shaking to deoxygenated ethanol (96$, 200 ml). A fine, olive- 
green precipitate separated out immediately and coagulated into 
an easily filterable form. Reverse addition was found to give 
an oil which eventually solidified into a hard mass. The 
precipitate was filtered off on a sintered-glass disc under 
nitrogen, washed with ethanol (96^, 100 ml) and dried under 
vacuum for 3 hours at room temperature. It was stored in sealed, 
evacuated Pyrex tubes.
Yield * 7 g (95$)
(Founds U, 55*02? SO^ 33*44$? SC>4/u = 1,505. U ^ S O ^ .5^0
requires % U, 55*71? SO , 33*74$? SO /u » 1.500)4 4
ii) Ammonium Uranium(lll) Sulphate Enneahydrate (3STH4)gSO^oUg(S04)^  •9'R^ O
Ammonium sulphate (4 g) was dissolved in uranium(lll) 
sulphate solution (200 ml) under nitrogen and cooled to 0 °C in 
ice « Ethanol (96$? 100 ml) was carefully added in small 
portions, whilst the solution was vigorously shaken, so that the 
fine precipitate which initially separated completely redissolved. 
The solution was cooled in ice for 20 minutes to complete 
precipitation. The dark green crystals were filtered off, washed 
with ethanol (96$, 100 ml) and dried for 3 hours under vacuum at 
room temperature. The product was stored under vacuum in sealed 
Pyrex tubes.
Yield « 27 g (89#)
(Founds U, 45.485 SO , 36.37$? SO /u = 2.014.
4 4
(NH4)2S04.U2(S04)3 o9H20 requiress IT, 44-95? SO^ 36.28^? 
so4/u = 2.000)
iii) Potassium Uranium(lll) Sulphate Deoahydrate ICS04.U2(S04)3.lQH^Q
Uranium(lll) sulphate solution (60 ml) was added to a 
solution of sulphuric acid (0,5M, 100 ml) in potassium sulphate 
(l.5 g) which had heen previously deoxygenated. This solution 
was cooled in ice, and ethanol (96$» 30 ml) was added slowly in 
small portions. After a few minutes crystallisation began, and 
the solution was cooled in ice for 20 minutes. The olive-green 
crystalline solid was filtered off, washed with ethanol 
(96$, 100 ml) and dried under vacuum for 3 hours at room 
temperature. It was stored under vacuum in sealed Pyrex tubes.
Yield , 8 g  (83 $)
(Founds U, 42.61? SO^ 35-49$f s04/u * 2.007. K^SC^.U^SO^.lOHgO 
requires? U, 42.56? SO , 34.55$? SO /u = 2.000)
Hr Hr
iv) Rubidium Uranium(lll) Sulphate Qctahydrate Rb^SO^^^(SO^)^.SH^O 
Uranium(lll) sulphate solution (100 ml) was added with 
shaking to rubidium sulphate (5 g)* After a few minutes a dark 
olive-green crystalline precipitate started to separate and the 
solution was cooled in ice for 15 minutes to complete 
crystallisation. The solid was filtered off, washed with ethanol 
(96$, 100 ml) and dried under vacuum for three hours at room 
temperature. It was stored in sealed, evacuated Pyrex tubes.
Yield = 12 g (71$)
(Founds U, 40.38? SO^ 32.56$? SO^U = 2.OO5. R b g S O ^ U ^ S O ^ .8^0 
requiress U, 40.52? SO^ 32.70$? SO^/lJ = 2.000)
(v) Further Investigations
Attempts were made to prepare double sulphates of 
uranium(lll) with lithium, beryllium, magnesium, zinc and 
tetraethylammonium sulphates, but only ‘simple* hydrated 
uranium(lll) sulphate could be isolated. The preparation of 
double sulphates with calcium, strontium and barium sulphates 
was found to be impossible because of the insolubility of the 
alkaline earth metal sulphates in aqueous solution. A summary 
is given in Table 11. 
vi) Chemical Properties of Uranium(lll) Sulphates
Uranium(lll) sulphate pentahydrate gives a green solution 
in vfater which rapidly oxidises in air or under nitrogen to give 
uranium(iv) sulphate* This rapidly hydrolyses to give a sparingly 
soluble, pale green basic uranium(iv) sulphate. Uranium(lll) 
sulphate is soluble in dilute hydrochloric or sulphuric acids to
Table 11
Summary of the Double Sulphates of Uranium(lll) 
General Method of Preparations
U(lll) sulphate (aq) + M^SO^
EtOH
Cation
Lithium
Sodium
Potassium
Rubidium
Caesium
Double Salt
■+ M2SO4.02(SO4)3.xH2O 
Other Products
no double salt isolated U^SO^)^ <»8H20 ppt 
Ba2S04,XJ2(S04)3.4H20
E2SV V S04 }3 a0H 20
RT)2so4 .ii2(so4)3 .8H2o
Ob2SO .u 2(bo )3 .i i h2o
Ammonium . 
Hydrazinium 
Tetraethylammonium 
Thallium
(nh4)2so4.u2(so4)3.9H2o
(h 2h5)2so4 .u 2(so4)3.4h2o
no double salt ■ 
no compound isolated
IT2(S04)3.8H20 ppt
T1 -* T1
Beryllium
Magnesium
Calcium
Strontium
Barium
no double salt isolated 
no double salt isolated 
no double salt isolated 
no double salt isolated 
no double salt isolated
U2(S04)3 .8H20 ppt
U2(S04)3 ,8H20 ppt.
CaSO, insoluble 4
SrSO. insoluble 
4
BaSO. insoluble 4
Zinc no double salt isolated ^(SO^)^ «8H20 ppt
* RoBarnard, personal communication
give characteristic green solutions which oxidise only slowly at 
room temperature under nitrogen. They are immediately oxidised 
in air. In concentrated hydrochloric acid, wine red solutions 
are produced which evolve hydrogen and which are considerably 
less stable than dilute acid solutions. Uranium(lll) sulphate 
gives an unstable red solution in concentrated hydrobromio acid 
which oxidises within a few minutes of preparation. It reacts 
vigorously with dilute nitric acid with evolution of oxides of 
nitrogen. Uranium(III) sulphate pentahydrate is insoluble in a 
large number of organic solvents including methanol, ethanol, 
acetone, benzene, dimethylformamide and totrahydrofuran.
Uranium(lll) sulphate pentahydrate was found to be 
moderately stable towards dry air and could be handled in air 
without oxidation for 1 to 2 hours. To keep the compound without 
oxidation for any length of time, it was stored under nitrogen 
or vacuum. Uranium(lll) sulphate pentahydrate is brown in white, 
non-fluorescent light.
The uranium(lll) double sulphates are all well-defined 
crystalline solids and are relatively stable in air. They are 
dark olive-green in fluorescent light and dark brown in white, 
nori^-fluorescent light* They dissolve in concentrated hydrochloric 
acid to give intense wine red solutions which are more stable 
than that of the * simple’ sulphate in the same acid^ Red 
solutions are also produced in concentrated hydrobromic acid, 
but are considerably less stable than those in concentrated 
hydrochloric acid. The ammonium and potassium salts were soluble 
in dilute hydrochloric and sulphuric acids, whereas the rubidium 
double sulphate was only sparingly soluble.
(h) Other Hydrated Compounds
(i) Uranium(lll) Fluoride Monohydrate UF^.H^O
A solution of uranium(lll) sulphate, U^SO^)^»5H20, (3 g) 
in-deoxygenated hydrochloric acid (M, 150 ml) -was prepared under 
nitrogen. This was added slowly to a solution of ammonium 
fluoride (l g) in deoxygenated hydrochloric acid (M, 50 ml). A 
light green precipitate was formed* This was shaken at room 
temperature for 15 minutes and then filtered off on a sintered- 
glass disc (grade 4)y washed with cold, dry acetone (100 ml) and 
dried for 3 hours under vacuum at room temperature* The product 
was found to he brown in white, non-fluorescent light. It was 
very reactive and immediately oxidised to a pale green solid on 
exposure to air.
Yield = 1*5 g (71$)
(Founds U, 75*82? 18*39$? F/u = 3.038. U F ^ H  20 requires
U, 76.04? F, 18.21$? f/u « 3.000)
(ii) Uranium(lll) Carbonate
A solution of potassium uranium(lll) chloride, KUGl^^HgO,
(l g) in deoxygenated water (100 ml) was prepared under nitrogen. 
To this was added a solution of sodium carbonate (0.2 g) in 
deoxygenated water (30 ml)i A yellow-brown, gelatinous precipitate 
was slowly formed and a considerable amount of gas was evolved.
The precipitate was filtered off on a sintered-glass disc 
(grade 4)1 washed with cold, dry acetone (lOO ml) and dried under 
vacuum for 3 hours at room temperature. It was found to be 
completely oxidised before it could be isolated.
Preparation of Anhydrous Compounds
Uranium Trichloride ^01^
Uranium trichloride was prepared by the action of hydrogen
chloride gas on uranium hydride at 250 °C. The apparatus is
illustrated in Fig# 3# Uranium me tal (5 g) was cleaned with
nitric acid (6M), washed with water, then acetone and placed in
the reaction tube* Previously, the reaction tube had been 
o ioutgassed at 500 C for 2 hours at 10 Torr to remove traces of
water and oxygen. Hydrogen was passed over the uranium metal at
225 °C for 3 hours, resulting in the formation of black uranium
hydride. Dry hydrogen chloride was passed through the uranium
hydride at 250 °C for 1 hour. An olive-green solid was obtained
0 *“"5
and this was heated to 480 0 at 10 Torr to remove impurities
consisting mainly of uranium tetrachloride, together with a small
quantity of ammonium chloride. The product was removed from the
apparatus in the glove box, and stored in glass ampoules under
dry nitrogen.
Yield = 6,5 g (90$)
(Founds U, 68.73? 01, 30.15$? Cl/u =2.945* UC13 requires?
u, 69.125 Cl, 30.88$? Cl/U « 3.000)
Uranium Tribromide 4JBr3
Uranium tribromide was prepared from uranium metal (5 g)
and dry hydrogen bromide using the same experimental procedure
as described for uranium trichloride, except that a temperature
of 300 °C was used for the second half of the reaction. A brown
o -5solid was obtained and this was heated to 450 C at 10 Torr to 
remove impurities, consisting mainly of uranium tetrabromide 
together with a small quantity of ammonium bromide. The product 
was removed from the apparatus in a glove box, and stored in
sealed glass ampoules under dry nitrogen.
Yield « 8.5 g (85#)
(Pounds U, 49*25? Br, 49*56$? Br/u « 2*99.6* UBr3 requiress 
U, 49*82? Br, 50.18$? Br/U = 3.000)
(c) Uranium Tri-iodide UI^
Uranium tri-iodide was prepared By the action of methyl 
iodide on uranium hydride. Uranium metal (5 g) was cleaned with 
nitric acid (6M), washed with water, then acetone, and placed
in the reaction tube. The apparatus had previously been outgassed
o «—S
at 500 C for 2 hours at 10 Torr* Hydrogen was passed over the
uranium metal at 225 °C for 3 hours, resulting in the formation
of uranium hydride. Methyl iodide, carried in a stream of
hydrogen, was passed through the finely divided uranium hydride
at 300 °C for 2 hours. A violet-black solid was formed which was 
oheated to 450 0 at 10 Torr to decompose any uranium
tetraiodide impurity.
Yield = 10.2 g (78$)
(Pounds U, 37*11$# UI3 requiress U, 38*47$)
(d) Chemical Properties
The uranium trihalides are very hygroscopio and are readily 
oxidised by atmospheric oxygen* Uranium trichloride is stable in 
air without visible oxidation for several minutes and stable in 
dry air for a number of hours. Uranium tribromide is much more 
Hygroscopic and completely oxidises in wet or dry air within one 
to two minutes. Uranium tri-iodide is spontaneously flammable 
in air. Uranium trichloride and tribromide give transient red 
solutions in deoxygenated water, which evolve hydrogen and give 
green uranium(lV) solutions within about half a minute.
A large number of qualitative solubility tests were carried
Table 12
Solubility of Uranium Trihalides in Various Solvents
Type of Solvent
Donor
0 Diethyl ether
0 Tetrahydrofuran
0 Dioxan
0 Methanol
0 Ethanol
0 Water
F Pyridine
F Acetonitrile
P Phosphorus trichloride
P Phosphorus tribromide
As Arsenic trichloride
S Carbon disulphide
C= 0  Ethyl acetate
C= 0  Acetone
C =  0 Dimethylformamide
C=.0 Dimethylacetamide
C = 0  Propylene carbonate
C=.0 Acetic acid
P =  0 Phosphorus oxychloride
P = 0  Tri-n-butyl phosphate
P =  0 Hexamethylphosphoramide
F = 0  Fitromethane
F= 0 Nitrobenzene
S =  0 Thionyl chloride
S = 0  Dimethyl sulphoxide
uci3 UBr3
UI3
insoluble insoluble -
insoluble oxidation oxidation
oxidation oxidation -
oxidation oxidation soluble
oxidation oxidation soluble
oxidation oxidation oxidation
insoluble insoluble oxidation
insoluble oxidation oxidation
insoluble insoluble -
insoluble insoluble -
insoluble insoluble -
insoluble insoluble -
\
insoluble insoluble soluble
insoluble insoluble oxidation
insoluble insoluble oxidation
insoluble soluble soluble
oxidation oxidation -
insoluble soluble soluble
oxidation oxidation -
insoluble insoluble -
insoluble insoluble -
oxidation oxidation -
insoluble insoluble -
oxidation oxidation -
insoluble insoluble —
Table 12 continued
Solvent UC1. UBr. UI.
Benzene 
n-Hexane
Carbon tetrachloride 
Chloroform 
Dichioromethane 
Silicon tetrachloride
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
insoluble
soluble — red solution formed, stable for 5 minutes or more 
oxidation - spontaneous oxidation within 1 minute
In each of these solubility tests, a small amount of the 
appropriate uranium trihalide (ca. 10 mg) was added to the 
carefully deoxygenated solvent (5 ml) under nitrogen*
out on the trichloride and tribromide in an attempt to find 
suitable non-aqueous starting solutions for the preparation 
of uranium(lll) complexes* A much more limited range of tests 
was carried out on uranium tri-iodide because of handling 
difficulties. In each case a small quantity of solid (ca* 10 mg) 
was added to a carefully deoxygenated sample of the solvent 
(5 ml) under nitrogen. The results are summarised in Table 12*
4# Preparation of iII^anium(lIl) Complex Compounds
(a) TJranium(lIl) Complex Chlorides
(i) Ammonium Uranium(lll) Chloride Pentahydrate FH^UCl^.5 ^ 0
Ammonium uranium(lll) sulphate, (FH^gSO^.TJ^SO^)^ ^ H^O,
(10 g) was dissolved in hydrochloric acid (llM, 120 ml) with 
shaking at room temperature. Finely ground ammonium chloride 
(2.2 g) was added to the dark red-purple solution § this dissolved 
only with difficulty and vigorous shaking was required* An 
olive-green solid separated. The solution was shaken for 30 
minutes to ensure complete dissolution of ammonium chloride, and 
then cooled to 0 °C for 1 hour. After this time the olive-green 
precipitate had been converted into a red-purple solid. This was 
filtered off, sucked dry to remove hydrochloric acid and washed 
with dry, cold acetone (100 ml). Although acetone immediately 
oxidised the red solutions, the red solid was not oxidised 
provided most of the adhering supernatent liquid was rapidly 
removed. The uranium(iv) impurities were soluble in acetone and 
consequently were removed in washing. The solid was dried under 
vacuum for 2 hours at room temperature and stored in evacuated 
sealed tubes.
Yield « 5 g (7l/o)
(Founds U, 48.0 2? 01, 28.9550 Cl/u = 4.058. NH^JCl .5H20
requires s U, 4 8.7 9? Cl, 29.05$? Cl/u = 4*000)
(ii) Potassium Uranium(lll) Chloride Pentahydrate KUCl^^HgO
Potassium uranium(III) sulphate, K^SO^.U^/SO^)^ .lOH^O,
(10 g) was dissolved with vigorous shaking in hydrochloric acid 
(llM, 100 ml). After shaking for about 5 minutes the double 
sulphate dissolved and a fine purple solid separated* This was 
filtered off, sucked dry to remove hydrochloric acid, washed with 
cold, dry acetone (100 ml) and dried under vacuum for 3 hours 
at room temperature* It was stored under vacuum in sealed Pyrex 
tubes*
Yield = 3.9s (42.9$)
(Pounds U, 47.45s Cl, 27.69$; Cl/u = 3.917. KtTCl .5^0 requires s
U, 46*771 Cl, 27.85? Cl/u = 4.000)
(iii) Rubidium Uranium(lll) Chloride Pentahydrate RbUC1^.5H20
Rubidium uranium(lll) sulphate, RbgSO^.U^SO^)^ .SH^O, (10 g) 
was dissolved in hydrochloric acid (llM, 150 ml) with shaking at 
room temperature. An olive-green solid separated and the solution 
was cooled to 0 °C for 1 hour. After this time the olive-green 
solid had been converted into a red-purple solid. This was 
filtered off, sucked dry to remove hydrochloric acid and washed 
with oold, dry acetone (100 ml). The solid was dried under vacuum
for 3 hours at room temperature and stored in evacuated Pyrex
tubes.
Yield *= 3.5 g (3950
(Founds TJ, 43*62? Cl, 25.61$? Cl/u « 3.942. RbTJCl .5H20 requiress
u, 42.86? ci, 25.52$? ci/u = 4.000)
) Further Investigations
Attempts were made to prepare similar chloride species with 
lithium, beryllium, magnesium, calcium, strontium, barium and 
zinc chlorides and hydrazinium and triphenylphosphonium 
chlorides, but no solid uranium compounds could be isolated* In 
the case of strontium and barium the chlorides were insoluble in 
concentrated hydrochloric acid* A summary is given in Table 13*
) Chemical Properties
The complex chlorides are very hygroscopic and rapidly 
oxidise on exposure to air to give green uranium(iv) compounds. 
They dissolve in water to give green solutions which are stable 
at 0 °C for 5 to 6 hours under nitrogen. In air the solutions 
rapidly oxidise to give pale green uranium(iv) solutions.
The solubility of ammonium uranium(lll) chloride in various 
organic solvents was investigated in the hope of finding some 
suitable stable uranium(lll) solution for the preparation of 
complex compounds. It is insoluble in the following solventss- 
tetrahydrofuran, methyl cyanide, diethyl ether, dioxan, carbon 
tetrachloride, acetone, benzene, 2-methylbutane, dichloromethane, 
chloroform and ethyl acetate. It is soluble in methanol and 
ethanol giving red solutions which are stable for sons hours at 
0 °G. In ’very dry1 methanol and ethanol ammonium uranium(lll) 
chloride dissolves only very slowly. It Is also soluble In 
dimethylformaraide and dimethylacetamide* Spontaneous oxidation 
to uranium(lV) occurs with the followings- dimethylsulphoxide, 
nitroraethane, pyridine, ethylenediamine and tetrahydrofuran +
5$ water. All these tests were carried out under nitrogen with 
carefully deoxygenated solvents.
Table 13
Summary of the Complex Chlorides of Uranium(lll) 
General Method of Preparations
M^S0..TJ„(SO,),.xH„O + MI01 1X^ ^Cl jjlpd jH 0
2 4 2 4'3 2 Cooled at 4 2
Cation
Lithium
Sodium
Potassium
Rubidium
Caesium
0 C for 1 hour 
Complex Chloride
no complex isolated
no complex isolated
kuci4.5H2o
RbUCl *5Ho0 4 2
no complex isolated
Other Products
FaCl ppt.
green solid
unstable green solid
UH.UC1..5Ho0
4 4 2
Ammonium
Hydrazinium no complex isolated
Triphenylphosphonium no complex isolated
Beryllium
Magnesium
Caloium
Strontium
Barium
no compound isolated 
no compound isolated 
no compound isolated 
no compound isolated 
no compound isolated
green solid
N H . 2HC1 ppt.
2 4
(c6h5)3phci ppt.
SrCl2 insoluble 
BaCl^ insoluble
Zinc no compound isolated
* R.Barnard, personal communication
Ilraftiui:i(lll) Oonplc& Bronidog
Several different experimental procedures were used in an 
attempt to isolate a uranium(lll) complex 'bromide species.
Ammonium uranium(lll) chloride, NH^UCl^^HgO, (l g) was 
dissolved in hydrobromic acid (9M, 25 ml). This gave a red 
solution which was stable at 0 °G for 24 hours. Addition of 
excess ammonium bromide, caesium bromide and sodium bromide gave 
no precipitation even with prolonged cooling. These solutions 
were noted to be a different colour from those in hydrochloric 
acid (llM) but the solution spectra showed no broad intense 
band around. 18000 cm •
Ammonium bromide (6 g) was added to an aqueous uranium(lll) 
bromide solution (60 ml) obtained electrolytically. The resulting 
solution was cooled in a solid carbon dioxide-ethanol mixture 
until ice separated and a mixture of hydrogen bromide (99*5/^) 
and nitrogen was passed through the solution. The flow of gas 
was regulated so as to prevent excessive heating, and the 
reaction flask cooled throughout, care being taken to prevent 
the contents solidifying.. The flask was shaken continuously by 
hand. After passing hydrogen bromide for about 45 minutes the 
solution was saturated and a red-brown solution resulted, which 
rapidly evolved hydrogen* A white solid, presumably ammonium 
bromide, was precipitated and within 15 minutes the solution had 
completely oxidised. Wo red or green precipitate was observed.
Ammonium uranium(lll) sulphate*
(4 g) was dissolved in hydrobromic acid (llM, 60 ml) and the 
resulting red solution was cooled to 0 °C for 1 hour* A green 
solid was produced but this was shown to be a sulphate compound
(ir spectrum), although a solution spectrum indicated that a 
complex was present in solution, a broad intense band occurring 
at about 18300 cm However, the solution was very unstable and 
within several minutes considerable oxidation had occurred.
Thus it was not found possible to isolate complex bromides 
of uranium(lll) analogous to the complex chlorides, partly 
because of the instability of the system and partly because of 
the experimental difficulties in achieving very high bromide ion 
concentrations* Experimental difficulties also prohibited the 
study of uranium(lll) fluoride and iodide complexes. It would 
seem very unlikely that uranium(lll) forms stable iodide 
complexes.
(°) Uranium(lll) Phenazone Complexes
(i) Hexakisfphenazone)uranium(III) Chloride U(phen)^Cl^
Rubidium uranium(lll) chloride, RbUCl^^H^O, (l.03 g) was 
dissolved in a solution of six*-molecular proportions of phenazone 
(2.10 g) in dry ethanol (40 ml) with vigorous shaking. The 
reactants were carefully weighed out since any excess would be 
present after evaporation to dryness. The dark red solution was 
cooled to -78 °C in a solid carbon dioxide-ethanol mixture for 
30 minutes and filtered to remove RbCl which precipitated 
quant1tativoly. During the filtration, solid carbon dioxide, 
contained in a cardboard tube, was placed round the filter unit 
to keep the solution cold. The solution was evaporated to dryness 
and dried under vacuum at room temperature for a total of 12 
hours. The resulting dark purple crystalline mass was powdered 
in an argon atmosphere.
The complex was difficult to obtain as a solid, and on a
number of occasions the preparation yielded only a dark purple 
gum. The oomplex is very hygroscopic and difficult to dry. On 
exposure to air, it rapidly becomes grey, and after a few hours 
pale green. It is unstable even under vacuum and within a day 
oxidises completely. The analysis was performed immediately 
after the preparation.
(Founds C, 52..90s H, 5.18* N, 11 #38$. 3Pe<luir0SS
0, 53.78? H, 4.93?'N, 11.41$)
(ii) Hexakis (phenazone)uranium(lII) Tetraphenylborate u(phen)gj|^ Pi^B 
Ammonium uranium(lll) chloride, NH UC1 ^HgO (0.6 g) was 
dissolved in a solution of phenazone (1.4 g) in methanol (100 ml) 
giving a dark red solution. A solution of sodium tetraphenyl- 
borate (l.3 g) in methanol (50 ml) was added slowly with shaking, 
resulting in the formation of a lilac precipitate and a red 
solution. The solid was filtered off on a sintered-glass disc, 
washed with methanol (50 ml) and dried under vacuum at room 
temperature for 3 hours. On exposure to air, the product 
immediately became pale green. The complex was slightly soluble 
in methanol and the red filtrate turned green when shaken in air. 
(Founds C, 70.58? H, 5*82? N, 7.18? U, 10.03$. 
u(eiiHi2N20)6][(c5H5)4B]3 requiress C, 71*28? H, 5*73? N, 7.23?
u, 10.24$)
(iii) Tetrakis(4-dimethylaminophenazone)uranium(ill) Tetraphenylborate 
U (DMAphen)^j|Ph^B ^
Ammonium uranium(lll) chloride (0.35 g) was dissolved in a 
solution of 4-dimethylaminophenazone (l.O g) in methanol (50 ml) 
giving a dark red solution. A solution of sodium tetraphenyl- 
borate (0.74 g) in methanol (20 ml) was added slowly with
shaking, resulting in the formation of a dark mauve precipitate 
and a red solution. The solid was filtered off on a sintered- 
glass disc, washed with methanol (50 ml) and dried under vacuum 
at room temperature for 3 hours. The red filtrate immediately 
became pale green on exposure to air and the complex oxidised 
to a yellow-green solid in air. The analysis, although not of 
high accuracy, indicates that a tetrakis compound was isolated. 
(Founds 0, 73.79? H, 6.08, H, 7.49$. [( C g H ^ B  3
requiress C, 71.19? H, 5.89? N, 7.67$)
Further Investigations
Attempts to prepare similar complexes with 4-aminophenazone 
and 4”t>romophenazone were not successful. In the case of 
4-aminophenazone, an unstable light brown solid was precipitated 
with sodium tetraphenylborate, but completely oxidised before it 
could be isolated. With 4-bromophenazone, no complex formation 
took place. This was inferred- from the colour of the solution 
and from the fact that no precipitate was formed on the addition 
of sodium tetraphenylborate.
• Several attempts were made to prepare a uraniuin(III) 
phenazone complex with the hexathiocyanatochroimato(lll) anion, 
Cr(SCH)  ^ , as complexes with phenazone, dimethylaminophenazone,6
dimethylformamide and pyridine have recently been reported by 
l8l
Serebrennikov and co**workers (p• 37) • The preparation, using
311
NH4UC14 .5H20 and i^Cr(SON)£.4^0 , was carried out a number
of times, both in methanol and water. Particular care was taken 
to eliminate oxygen but in all cases the lilac products were 
shown to contain uranium(lV)• It is interesting to note that
in these experiments the filtrates were blue and on shaking in 
air gave green solutions. The eleotronio spectra of the 
solutions (p.103) show that these were respectively chromium(ll) 
and chramium(lll)* This indicates that a redox reaction took 
place s-
U(lll) + Cr(lll) ----1 TJ(lV) + Or(ll)
and no uranium(lll) complexes were isolated. In addition our 
analytical figures did not support tho formulation of: the 
trIT(phen)6]
CrI3:i(SCN)^
compound as 
IIIU (phen)6j
CrII(SCN)^ or as
which would have the same elemental
composition. The present study shows that uranium(lll) is very
easily oxidised by ligands such as pyridine, and it seems very
unlikely that a stable uranium(lll) pyridine complex was isolated.
especially from aqueous acid solution. We also found that no
uranium(lll) dimethylformamide species were precipitated with
sodium tetraphenylborate. This evidence puts some doubt on the
18lclaim of Serebrennikov to have prepared stable uranium(lll) 
complexes with hexathiocyanatochromate(lll)^
(d) Other Uranium(lll) Complexes 
(i) Uranium(lll) HMPA Complex
Ammonium uranium(lll) chloride (0.15 g) was dissolved in a 
solution of sodium tetraphenylborate (0.37 g) in methanol 
(50 ml). A solution of twenty-molecular proportions of 
hexamethylphosphoramide (l.lO g) in methanol (10 ml) was added, 
giving an orange-red solution. On standing, an orange solid was 
precipitated. The product was filtered off on a sintered-glass
disc, washed with methanol (20 ml) and dried under vacuum for 3 
hours at room temperature* The orange, microcrystalline compound 
gave a pale green solid on exposure to air. The analytical 
figures indicate that the complex does not have a simple molecular
 ^and the results of a 
Lassaigne test implied that chlorine is also present. This may 
mean that a uranium(lIl)chloride-HMPA complex is formed, or that 
ammonium or sodium chloride, or both, are present as impurity. 
(Founds 0, 53.20? H, 7.31? U, 9*94$)
) Uranium(lIl)chIoride-acetonitrile Complex
186
Attempts to repeat the preparation of a uranium(lll) 
complex with acetonitrile were unsuccessful. Uranium trichloride 
was heated to 80 °G with a twenty-fold excess of dry acetonitrile 
in a sealed tube for 4 days. The tube was broken under nitrogen 
and the brown solid obtained was filtered off on a sintered- 
glass disc. It was washed with dry carbon tetrachloride and than 
with dry petroleum ether (60-80 °C) and dried under vacuum for 2 
hours at room temperature. The electronic spectrum indicated the 
presence of a small amount of uranium(iv) and the analytical 
figures show that the reaction did not go to completion. A 
longer reaction time (8 days) resulted in considerable amounts 
of oxidation to uranium(iv) and degradation of the acetonitrile. 
(Founds C, 5*32? H, 0.85? 3.09? U, 64.03$. U(CH3CN)C13
requires? 0, 6.23? H, 0.79? N, 3.63? U, 61.76$)
Attempts to repeat the preparation with uranium tribromide gave 
products containing only uranium(IV)•
formula of the type U(HMPA)n][ph4Bj
(e) Attempts to Prepare Uranium(lll) Complexes
Attempts were made to obtain uranium(lll) complexes with a
large number of organic ligands* The solutions used were those
of ammonium uranium(lll) chloride, BH^UCl^^HgO, in methanol
and dimethylformamide• The following compounds gave green
uranium(iv) solutions both in methanol and dimethylformamides
ethylenediamine, H jU jN*,3J?~tetramethylethyl enediamine,
2,2i-bipyridyl, pyridine, piperidine, d-phenylenediamine,
diacetyl, acetylacetone, N-nitroso-N-phenylhydroxylamine
(cupferron), !-benzyl-U-phenylhydroxylamine, ethylenediamine-
tetraacetic acid, 8-hydroxyquinoline, dimethylglyoxime,
dimethylsulphoxide and diethyldithiocarbamate*
In ethanol, 1,10-phenanthroline gave an orange precipitate
which was not air-sensitive and only sparingly soluble in
concentrated hydrochloric acid* The electronic spectrum showed
310only uranium(iv) to be present* It is probably a mixture of 
UCl3(OEt)L2 and (LH^UCl^* A yellow uranyl complex was produced 
with triphenylphosphine oxide*
Certain ligands did not cause oxidatioh although this does 
not imply that a complex species was formed# These were, in 
methanols acetamide, U-methylacetamide, N,U-dimethylacetamide, 
trimethylphosphate± triethylphosphate, triphenylphosphate and 
diphenylchlorophosphate? and in dimethylformamides triphenylamine 
triphenylphosphine, triphenylarsine and triphenylbismuthine» 
Attempts to precipitate compounds with organic solvents such as 
2-methylbutane and la^ge anions, such as tetraphenylborate were 
not successful? only unstable red gums were obtained when these 
solutions were evaporated to dryness * Aqueous solutions of
uranium(lll) were oxidised by the addition of phenol, urea and 
thiourea.
(f) Stability of the Uranium(III) Aguo Ion
Certain tests were carried out to investigate the stability 
3+of the U aquo ion in the presence of various inorganic and 
organic anions. An aqueous solution of uranium(lll) was prepared 
by dissolving 1TH TJC1 .5H 0 in carefully deoxygenated water. Ai\ C,
summary of the results obtained is given in Table 14* The only , 
stable solutions obtained are those with sulphate, perchlorate, 
chloride, bromide and iodide, all of which can be prepared by 
electrolytic reduction. With fluoride, uranium(lll) fluoride 
monohydrate is formed. In the case of most of the anions, 
immediate oxidation to uranium(iv) occurred. This was inferred 
from the colour of the solution and precipitate (if formed) and 
the evolution of gas* It is interesting to note that in the 
cases of tartrate, citrate and lactate, dark green solutions 
(orange by transmitted light) are formed, which slowly oxidise 
to uranium(lV), forming olivQ*grcon solutions within about 5 
minutes. It would seem possible that in the first instance 
uranium(lll) complexes are formed. The complexing tendency of 
• the tervalent transuranium elements with tartrate, citrate and 
lactate, etc. has already been discussed (see p.43)»
Table 14
Stability of the U^+ aquo ion in the presence of various anions
Anion
Fluoride
Chloride
Bromide
Iodide
Sulphate
Perchlorate
Phosphate
Carbonate
Hydroxide
Thiocyanate
Fitrate
Hitrite
Sulphite
Cyanide
Thiosulphate
Ethyl enediaminetetraacetate
Borate
Fluoborate
Stability
Stable*1
Stable13
Stable13
Stable13
Stable
Stableb
a ,d
Oxidation 
Oxidation'
cl OOxidation ’ 
Oxidation0
QOxidation
0
Oxidation
q
Oxidation
0
Oxidation
0Oxidation
q
Oxidation
q
Oxidation
Oxidation^
Formate
Acetate
Oxalate
Tartrate
Citrate•
Lactate
Oxidation
Oxidation*
Oxidation
Oxidation*
Oxidation*
Oxidation*
c
a#- solid uranium(lll) compound formed 
b. stable for- 24 hours at 0 °C 
C. immediate oxidation to uranium(lV) 
d* oxidation to uranium(lV) within 5 minutes
•SPECTRAL AND'MAGNETIC PROPERTIES
OF URANICM(III).COMPOUNDS
Electronic Spectra of Uranium(lll) Compounds
The electronic spectra of the tervalent actinide ions, like
those of the lanthanide ions, consist of sharp relatively weak
absorption bands in the near ultraviolet, visible and near
infrared regions. These spectra are less influenced by chemical
environment than the spectra of the d-electron transition group
312ions. The sharp lines have been assigned to Laporte-
forbidden f11-:?11 transitions. Certain broad and intense bands
312observed in the ultraviolet are identified as Laporte-allowed 
fn-fn*"1'd transitions which would be expected to be susceptible 
to changes in environment.
Electronic Spectra of Uranium(lll) in Aqueous Solution
The electronic spectra of uranium(lll) in M HC1, M HBr and
47 . 4 8 . 56
M HI are given in Table 15* The reported solution
absorption spectra of uranium(lll) in M HCIO^, M DCIO^, M H^SO^
and water are given in Table 16. Selected earlier work has been
313given by Jorgensen . In attempting to examine the solution
An
spectrum of uranium(lll) in M HCIO^ Stewart had to contend 
with the presence of significant amounts of uranium(iv), from 
which- the pure uranium(lll) spectrum was obtained by correction. 
Cohen and Carnall^ were the first to extend the area of 
investigation into the near infrared by the use of BCIO^. This 
revealed the existence of a much more intense band at 8206 cm  ^
than had previously been reported, in addition to a new weak 
band at 7374 cm  ^and a new band at 4572 cm They demonstrated 
that this last band was a true uranium{lll) absorption and not 
a water band. Uranium(lV) unlike uranium(lll) absorbs strongly 
around 6500 cm  ^and the absence of such absorption in the
uranium(lll) spectrum was used in the present study as a
criterion of purity both in the solid state and in solution.
Thus the preparation of pure uranium(lll) in various aqueous
acids has been demonstrated by a consideration of the solution
spectra. It is unfortunate however that the absorption around
65OO cm  ^ in the uranium(iv) spectrum does not obey Beer's law*3^ .
It has been argued that the presence of the band at 930° cm  ^ in
313the upanium(lll) spectrum is due to uranium(lV) impurity ,
although other workers4^’^  consider it to be a uranium(lll)
band. However the band must be due to uranium(lll) since it is
always present even when the band at 65OO cm  ^ is absent, and it
5 6has been conclusively shown that there are two coincident bands 
of similar intensity in the spectra of uranium(lll) and 
uranium(lV) (U3+§ 9330 cm ~1, £m = 45*5• U4+? 9230 cm ~1, 
em = 50.1). The band which appears at about 15000 cm  ^ in the 
uranium(iv) spectrum has been used^^ to estimate the uranium(lV) 
content in uranium(lll) solutions. However since uranium(lll) 
also absorbs in this region it is difficult to distinguish the 
two, unless a large amount of uranium(iv) is present. The 
absorption band at 19200 cm  ^in the solution spectrum of 
uranium(lll) has been shown to obey Beer's law3^ .  The spectrum 
of uranium(lll) in M HBr is shown in Fig.7»
(b) Electronic Spectra of Uranium(lll) Sulphate and Double Sulphates 
The electronic spectra of the green hydrated uranium(lll) 
sulphate and the corresponding double sulphates are very similar 
to each other, and to the spectrum of uranium(lll) in aqueous 
solution. Typical examples, those of ^2^*^4^3 "5^0 and 
(hh4)2so4.u2(so4)3 .9h2 0 are illustrated in Fig.8 & 9 respectively*
The spectrum of the pentahydrate is identical to that reported*3*3 
for U2(S04)3 .8H20 ( see Fig.ll). These compounds exhibit intense 
broad absorptions in the region 4-0000-24-000 cm characteristic 
of 5fn-5fn ^6d transitions. In comparison, uranium(lV)
— 1tetrahydrate (see Fig.9) is only weakly absorbing up to 40000 cm • 
The sharp absorption bands in the visible and near infrared 
regions are due to Laporte-forbidden transitions from the ground 
state enerSy levels arising from the 5f^ configuration.
Similarly the sharp bands in uranium(iv) tetrahydrate arise from
3 2transitions from the ground state ( H^) to the other 5f levels.
56The reported electronic spectra of orange-brown 
U2(S04)3 .2H20 and K^TJ(S04)4 .'HgO1 (shown in Fig.10) are similar 
to each other but show marked differences from the spectra of the 
above compounds. Extended ultraviolet absorptions mask the f-f 
absorption bands at about 16000 and 19000 cm ^ . These now appear 
as shoulders at 16200, 17400 and 19700.cm  ^ for U2(SC>4)3 .2H20 
and at 16300, I76OO and 20000 for K I ^ S O ^ .  'HgO’ . In the latter
compound bands which normally occur at 11250 and 13650 cm  ^ have
moved to higher energy, appearing at 11850 and 14050 cm ^ * These 
differences indicate that the environment of the uranium ion is 
changed* Similar changes in the absorption spectrum of uranium(lll) 
in sulphuric acid (M>2) have been attributed^ to complex 
formation.
Electronic Spectra of Uranium(lll) Halides
The spectra of uranium trichloride, tribromide and tri-iodide 
are shown in Fig.12. Earlier reported spectra of uranium
121 53 152
trifluoride , uranium trichloride ’ and uranium 
 ^16
tribromide are given in Table 21. The spectrum of uranium
trichloride is very similar to that of U2(SO^)^*5H20, showing
"broad intense absorptions above 24OOO cm and sharp bands in the
visible and near infrared# However in the tribromide and
tri-iodide the intense absorptions have moved to significantly
lower energy (UBr.., 1845° cm UI-., 13700 cm”"*’), coming well 
3 3
into the visible region and obscuring some f-f transitions. The 
spectra of the trihalides in the near infrared are very similar* 
It is thought that changes in the spectra are due to charge 
transfer effects and this agrees both with the colour of the 
halides and with their chemical reactivity. The trichloride 
(green) is fairly stable in dry air, the bromide (brown) oxidises 
readily in air and the iodide (violet) reacts explosively with 
air. This indicates that a metal-oxidation transition occurs in 
which electron density is transferred from the uranium ion to 
the halide* The polarisability of the halides increases in the 
order F<Cl<Br<I, and presumably the bonding in the iodide is 
less ionic than in the other halides.
The spectra were measured at room temperature and liquid 
nitrogen temperature. Ho significant change in the positions of 
the band maxima was found although, as would be expected, the 
resolution was improved at low temperature, (Tables 19 & 20).
The electronic spectrum of UF^.H^O (Fig.13) is similar to
the spectra of the other halides except that the intense
absorptions have moved further into the ultraviolet relative to
the trichloride! however they are in a comparable position to
the absorptions in the simple sulphate. On the other hand the
compound is very reactive, oxidising immediately in air, but
127
anhydrous uranium trifluoride is stable even in moist air *
Poor resolution was obtained and this may have heen due to the
particle size. A small amount of uranium(lV) impurity was also
-1present, as is indicated by an absorption near 6800 cm «
(d) Electronic Spectra of Uranium(lll) Red Double Chlorides
The electronic spectra of the red double chlorides, a
typical example is HH UC1 -^H^O (see Fig«8), show the presence
of a new intense absorption around 18000 cm  ^which obscures
the sharp bands in this region. The other bands are typical but
shifted to slightly lower energy in most cases. The spectrum
of the green uranium(lll) double chloride, HH^UGl. *'6H90*
(Fig.ll), closely resembles those of the uranium(lll) sulphates
This indicates that the uranium ion is in a similar environment
(ic. an oxygen environment, either from sulphate or water).
There can be little doubt that the spectral changes seen
for hH .TJC1. «5H„0 are associated with the formation of a 
4 4 2
uranium(lll) chloro complex. Similar changes (p.37) have been
noted in spectra of uranium(lll) in concentrated hydrochloric
37acid and lithium chloride solutions. Although Jorgensen
attributes the changes in colour and absorption spectrum
occurring in hydrochloric acid (M>6) to complex formation, he
does not necessarily imply, as is erroneously stated by Silcox 
317and Haendler , that anionic complexes such as UCl^ are formed
The intense band at 18380 cm  ^ in concentrated lithium chloride
49 3 2 1is attributed to 5f -5f 6d transitions which arise from the
UC12+ ion.
-1 172 
An intense band at 18000 cm has been observed in the
spectrum of uranium(lll) in a LiCl-KCl fused salt solution in
which the uranium(lll) ion is in a pure chloride environment.
173
Young has reported that uranium(lll) gives a yellow solution
in LiF-BeF^ melt hut a red solution in a LiF-BaF-KF melt. The
yellow solution has a spectrum similar to that of uranium(lll)
in aqueous solution which suggests that the uranium ion exists
in a similar environment ie. ’non-complexing’* The red solution
in molten LiF-BaF-KF, like that in LiCl-KCl, may he due to the
formation of halide complexes*
Tire solution spectra of BH^ IJC;j.^ *5H20 in methanol and water 
56have been measured • In water, a typical 'uncomplexed'
uranium(lll) spectrum is obtained (Fig.l4)« In methanol (Fig.15)
the spectrum is similar to that of the solid, and also to those 
35 168reported ’ for uranium(lll) in methanol and acetic acid 
saturated with hydrogen chloride, showing the intense peak at 
ca. 18000 cm  ^• The peak height for this absorption is about 
10 times greater than those of the bands occurring in a 
comparable position in the 'uncomplexed’ uranium(lll).spectrum 
and because of its broadness, the integrated intensity is even 
higher *
(e) Electronic Spectra of Uranium(lll) Bromide Complexes
The red solution of BH^TJCl^^HgO 9M hydrobromic acid 
gave a solution spectrum almost the same as that of the simple 
hydrated uranium(lll) ion* Bo intense band around 18000 cm’"’*' was 
observed, in agreement with the observations of Jorgensen"^*
The solution spectrum of ammonium uranium(lll) sulphate in 11M 
hydrobromic acid shows a new intense band at 18300 cm~\ 
indicating the formation of a bromide complex. The solution was 
very unstable and no detailed measurements could be made*
Similar attempts to study the red solution formed by dissolving
the ammonium double sulphate in 11#7M hydrochloric acid were
unsuccessful, although an intense band at 18300 cm*"'5* was observed*
In the present study attempts to prepare uranium(lll) solutions
in 12M lithium chloride and 12M lithium bromide resulted in
immediate oxidation to uranium(lV) * Shiloh and Marcus^, using
different experimental techniques, were able to obtain uranium(lll)
spectra in concentrated lithium halide solutions*
Electronic Spectra of Other Uranium(lll) Complexes
The uranium(ill) phenazone complexes and the orange
uranium(ill) hexamethylphosphoramide complex show broad, intense
absorptions in the visible region obscuring the uranium(lll)
f-f bands (Figs* 16-19)» On oxidation of the complexes, these
broad absorptions are replaced by weak bands* duG to
the f-f transitions of uranium(lV). Considerable changes are
observed in the near infrared compared with the spectrum of the
red double chloride* These changes are not due to the ligands
■hIalone, as they do not absorb above 7000 cm • Attempts to 
measure the spectrum of the hexakis(phenazone)uranium(lIl) 
chloride complex in solution were not successful.
It is interesting to compare the spectra of these complexes 
with that obtained for the uranium(lll) triethylphosphate- 
thiocyanatc complex in benzene# This solution is an intense
violet-blue which appears to be due to a band centred at
-1 -1 -117600 cm , extending from 23000 cm to 14000 cm ,which nay be
3 2 1
a Laporte-allowed 51 “5f 6d transition* The broad absorptions 
in the spectra of the other complexes may thus originate from 
the same type of transitions. Measurements of the spectra in 
solution are necessary, however, before any definite conclusions 
can be reached.
In the attempts to prepare a uranium(lll) phenazone complex 
with the hexathiocyanatochromate(lll) anion, it was observed 
that the blue solution (A) obtained on filtration of the solid 
product gave a green solution (b ) on exposure to air. The 
electronic spectra of these solutions are shown in Fig.21. 
Furthermore the electronic spectrum of the lilac product (c) 
indicated the presence of uranium(lV) and this spectrum was not 
changed significantly on exposure of the solid to air (D), ' *
(Fig.22)»
Table 24
Blue solution (A) I58OO, 17550, 24150 cm"1
Green solution (b) 17670, 23530 om 1
Lilac product (c) 15000, 17500, 23500 (sh), 29250 (sh), 32050 cm
Oxidation product (D) 15000, 17500, 22600 (sh), 23400,
29150 (sh), 37150 cm”1
K Or(SCB)..4Hn0* 17800, 23650, 32850 cm"1
3 6 2
*
These values are in good agreement with those obtained for
, ...318
-1
(BH^)^Cr(SCH)^ in solution'
The blue solution (A) is probably that of a chromium(ll)
-1thiocyanate species, the band at 24150 cm being due to 
chromium(lll) impurity. It may well be that a species such as
Cr(SCB)5H20,3- 319is formed • The presence of two bands in the
spectrum of chromium(ll) has been shown^1^*^*^ to be consistent 
with the effects of distortion on the high spin d^ configuration
(eg. Creriglg, 18200, 14500 (sh) cm , en « ethylenediamine).
On deliberate oxidation of the blue solution (A), a single band
-1 -1is obtained at 17670 cm with a new intense band at 23530 •
This corresponds to the chromium(ill) spectrum observed in 
K^Cr(SCB)^ (Fig.20). A partial coincidence may be observed for 
the chromium(ll) band near 17550 cm and the chromium(lll) band 
at 17670 cm 1 •
It is thought that the solid (c) is mainly a mixture of 
uranium(lV), chromium(ll) and chromium(ill), together with a 
small amount of uranium(lll)§ this gives a mixture of uranium(iv) 
and chromium(lll) on oxidation. The oxidation of uranium(lll) to 
uranium(iv) may be indicated by the change in the ultraviolet 
region in spectrum (d ). Only small changes are seen in the 
visible region, with slightly greater absorption around 
23000 on'1. From the solution spectra (A) and (b ) it can be seen 
that the extinction coefficients of the chromium(ll) and 
chromium(lll) species do not differ by much. Thus it is not 
surprising that hardly any change is observed in the visible 
spectra of solids (c) and (d)• This would be especially true if 
a large amount of chromium(lll) were present in solid (C). These 
arguments, although based on qualitative evidence, explain our 
inability to obtain a uranium(lll) phenazone complex with the 
hexathiocyanatochromate(lll) anion (p.89)*
Conclusions
Qualitatively the spectra of the simple sulphates, double 
sulphates, the trichloride and uraniura(lll) in aqueous solution 
are the same. It is known thot uranium trichloride is predominately 
ionic, with a crystallographic coordination number of 9*
It would seem reasonable therefore that the uranium ions in the
other compounds also have high coordination numbers, and lack
large or specific interactions with any particular nearest
neighbour, either anion or water molecule* This is the case for
aqueous uranium(lll) solutions which contain the hydrated
uranium(lll) cation eg. I^H^o)^"1", n = 8 or 9* Further evidence is
available for the sulphates, which apart from K^U(SO^)^.‘HgO1,
show broad absorptions in the infrared typical of ionic sulphates*
These spectra can therefore be considered as typical of
runcomplexedt uranium(lll) compounds.
From the spectra of the red double chlorides it can be
concluded that the uranium is in a different environment, with
chloride coordinated to uranium. Other evidence for this has 
5 6boon obtained from the far infrared and Raman spectra of
RbUGl^.^H^O. Strong bands at 230 and 196 om are obtained in the
infrared and a strong band at 228 cm in the Raman. These were
assigned to U-Cl stretching vibrations* The americium(lll) chloro
complex'^ CsAmCl^^HgO has infrared absorptions at 235 and 197 cm ^
which were assigned to Am-Cl stretching vibrations.
Halide complexes (ion-pairs) of tervalent actinides of the
type MC1^+ (M « Pu, Am) have been reported^'^,^ ^ ,^‘^  with
stability constants three orders of magnitude higher than that 
2+of UC1 • Hoy,-ever these are formed in much more dilute 
solutions (<1M) than those necessary for uranium(lll) (9-12M). 
However these species are solvent-shared ion-pairs, with a 
molecule of water separating the anion and cation. They affect 
the thermodynamic properties of the solutions, and can be detected 
by, say cation exchange but do not effect the electronic 
absorption spectrum. This explains the much higher halide
4*concentration required to form UC1 • The stability constant of
+ 321NdCl has been shown to be comparable with that estimated
for UC1+ .
It should be noted that although a red colour is formed in
uranium(lll) solutions in 10M hydrochloric acid, no solid
compounds can be obtained until the concentration is raised to at
least 11M. Even then a green double chloride is formed which has
to be converted to a red double chloride by allowing it to stand
at 0 °C for 1 hour* This may be due to a dehydration effect* A
similar effect is found with anhydrous solvents. The spectral 
322changes in cerium(lll) in hydrochloric acid (M>10) are
reproduced by 0.002M CeCl^ alone in absolute ethanol. Thus water
has a large tendency to occupy the whole of the first coordination
sphere displacing anions to form second sphere associates or
leading to complete ionic dissociation.
However no definite conclusion as to the structure of the
red double chloride can be drawn from this qualitative evidence.
The type of medium and halide concentration used may well decide
217
the type of complex formed. This is illustrated by the fact 
that plutonium(lll) is strongly bound to anion exchanges in 12.6M 
HC1, implying the presence of at least some Vv.01^ or even higher 
complexes. This is not the case for plutonium(lll) in 10M HC1 or 
americium(ill) in 12,6M HC1. Shiloh and Marcus^ have suggested 
that higher complexes than UC1 are not formed in aqueous solution* 
by the failure of organic long chain ammonium chloride solutions 
to extract uranium(lll) even from saturated lithium chloride 
solutions•
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Table 15
Electronic Spectra of Uranium(lll) in Aqueous Solution
if HC1
( c m '1)
a HBr
(cm - 1 )
M HI 
v
22100 
20100 sh 
19600 sh 
19050 
18450 sh 
18250 sh 
17000 
16450 sh 
16100 
15600 
14800 sh 
13600 
11300
10150 
9800 sh 
9450 sh 
9250 
8050 
7200
4500
22050 
20100 sh 
19600 sh 
19050 
18400 sh 
18200 sh 
17050 
16400 sh 
16050 
15600 
14800 sh 
13600 
11400 
10800 
10200 
9800 sh 
9500 sh 
9200 
8050 
7200
4750 sh 
4500
24200 
22050 * . 
20050 sh 
19600 sh 
19O50 
18500 sh 
18250 sh 
17050 
16400 sh 
16150 
15600 
14800 sh 
13600 
11350
10150 
9800 sh 
9400 sh 
9200 
8050 
7200
4750 sh 
4500
Tahle 16
Electronic Spectra of Uranium(lll) in Aqueous Solution 
M HC104 S M DC104 b M HgSC^ ° H^O d
v ^cm"') Em v ^ cm-'} Em v ^ cm”') Em v ^ cm ) £m
31250 1670
28650 1590
22170 86 22180 71.0 22120 89.1 22150 76.4
- . . ...... - 20100 43.4 20050 39.1
19720 99 19740 88.0 19600 97.5 I.972O 99.5
19160 150 19170 131 19100 147 19150 153
18280 42.9 18400 51.6 18400 49*7
I7OOO 55*4 17100 57.6
I64OO 77.8 16480 83.1
16260 93 16270 84.3 16200 88.8 16200 94.5
15750 51 15720 51.9 15660 48.7 15700 51.5
14970 9 14990 9.5 14900 11.2 14900 9.8
13790 42 13760 37.8 13660 36.0 13720 40.0
11360 186 11420 166 11400 176 11400 186
11140 247 11140 254 11100 159 11140 161
10290 59 10340 53.2 10220 51.0 10220 51.3
10040 31.0 10000 37.2 9950 33.8
9615 42 9662 38.6 9540 39.4 9580 38.8
9634 37.9
9507 49 9398 49.6 9330 45.5 9320 ■44.1
8197 90 8201 195 8123 166 8180 172
7375 6.0 7100 8.3 7200 7.1
4750 42.3
4570 55.4 4400 59.5 4470 65.7
a. Stewart ref. 47
Id, Cohen & Carnall ref. 48
c. Barnard ref. 56
d. Barnard ref. 56
Electronic Spectra of A* Uo(S0/):i.5Ho0 B*
<
1 (cm-1)
4 J
B a V
d.
( ~1 V cm
36600 vs,vb
32400 VS,Vb
28000 T?s,b
246OO vs,b
22950 m
22050 s,sh 22300 m
21500 m, sh
20100 m 20300 s ,b
19750 s
19150 s
18200 m 18000 s
17100 m 5sh
I64OO m, sh I65OO w , sh
16200 m
15700 m -
15400 s
15200 s
14900 m, sh 15000 s
14750 s
13650 m
11600 s, sh 11550 m,b
11450 s, sh
11350 s, sh
11250 s
10200 m
9950 m, sh
9450 m,sh
9250 m
9050 s
8500 s
8200 s,sh
8100 s
7200 w
65.00 s
5500 w,sh
4900 w, sh
4500 w, sh
4450 s 4300 m, sh
4100 m
Table 18 Electronic Spectra of s
A, (he4)2so4 .u2(so4)3.9h2o B. N^UC]
A. v ( o m ) B* v (cm
27900 vs, b 27700 vs ,vl
24700 vs,b
24450 vs, si
23400 SjiSh
22100 S
21700 vs,b
20200 in
19700 s,sh
19550 vs, si
19100 s
18200 m
17850 vs,b
16950 in, sh
16350 vs
16350 s,sh
16200 s
15600 m 15600 s,sh
14900 w 14800 m
14750 m, sh
13650 m 13500 m, sh
13400 m
13200 m, sh
11400 s 11400 s
11250 s, sh
H I 50 s, sh
11000 s, sh
10100 m 10050 s
9550 m, sh 9500 s, sh
9350 s 9350 s
9000 m, sh
8450 s, sh
8200 s, sh 8250 s, sh
8050 s 8100 s
7900 s,sh
7200 w 7100 w
4750 w, sh 4750 s
46OO s 4450 s
4250 s
Table 19
Electronic Spectrum of Uranium Trichloride
room temp* liquid Iffg temp* room temp*- liquid'!^ temp*
27500 vs ,b 14450 w, sh 14450 w,sh
25300 vs ,b 14200 w s sh 14200 w, sh
24600 vs,b 13300 s 13300 s
23450 vs ,b 13000 m 13000 m
22600 12400 w ? sh 12450 w
22300 11150 vs 11100 vs
21200 vs?b 21400 vs,b 9900 m 9900 s
20300 9600 s 9650 s
19850 s 9400 s 9400 s
19600 s 19700 s 9100 s 9150 s
19350 s, sh 8900 m, sh 8900 m
19150 s 19150 vs 8000 vs 8100 VB
18700 VS} sh. 18700 vs 7900 s, sh 7900 s9sh
18550 vs 18550 vs 7600 w,sh
18300 vs, sh 18300 s, sh 6950 m 7000 m
18100 s j sh 17900 s, sh 6850 w 6750 w
17700 s, sh 17750 s 65OO w 65 00 w
17500 s 17500 s 46OO m ? sh 4600 m, sh
16900 s 16900 s,sh 4400 s 4400 s
16750 s,sh 4250 s 4300 s
16700 s,sh 4200 s, sh 4200 s
I655O s?sh I665O
16400
s,sh
s
16200 vs 16200 vs
15900 vs} sh 15950 vs, sh
15800 vs 15800 vs
15400 s 15400 s
15000 m, sh 15150
I49OO
m, sh 
w
14600 m 14650 m
Table 20
Electronic Spectrum of Uranium Tribromide
room •temp* liquid N2 temp* s00 temp. liquid N
25400 s,b 12900 m, sh 12950 m,sh
23250 s,b 12350 mjsh
21800 s ,b 21900 s,b 11300 s,sh
19400 s,sh I95OO s,sh 11200 s 11200 s
18900 s,sh 10200 w, sh
18700 s,sh 9800 s 9800 s
18450 s,b 18350 s,b 9600 s 9600 s
17750 s, sh 9400 s,sh
17350 s 17300 s 9150 s
I6900 s 16900 s 8600 m, sh
16600 s 16600 s 8400 m, sh
16100 s 8100 sh 8050 s
15750 s 15850 s 8000 s
15700 s 7900 s, sh 7900 s,sh
15350 s 15350 s 6950 m 6900 m
15000 ' m,sh 15200 m, sh 4750 v;, sh 4750 w, sh
14750 m,sh 4550 m, sh 4500 m, sh
14600 m 146OO m 4400 s 4400 s
14450 m, sh 14200 m, sh 4250 s 4250 s
13200 s 13200 s
Electronic Spectrum of Uranium Tri­■iodide
rocm ■temp. liquid temp* room ■temp. liquid U 2 tc
22600 s ,b 22800 s 12400 s,sh
21950 s 11000 s 10950 s
20700 s 9600 m 9600 m
19150 s 19250 s,b 9400 m
17900 s 18100 s,b 9100 m 9100 m
16600 s, sh 16550 s, sh 8900 m, sh
15800 s? sh 8100 m 8100 m
15500 sh 15450 s* sh 8000 m, sh 8000 s
14500 sh 14550 s, sh 6750 w 6750 ■w
13700 vs 13650 vs,sh 4400 m,sh 4400 m,sh
13400 vs 4300 m 4250 m
- 13000 vs, sh
all values  v ( cm 1
Electronic?
” 3 *
V c^rrT1)
20280 s,w 
19610 m
18940 m 
18550 w
17920 m 
17480 m
16920 m,b
Table- 21 
Spectra of Uranium(lll) Halides
uci3 13
V
20235 m,b 
20137 m,b 
20040 m,b 
19822 s,-b 
19693 s,b
19305 s,b 
19120 s,b 
18940 s,b 
18762 s,b
18495
18399 s,b 
18242 s 
I8O44 w,b 
17848 vs,b 
17671 m 
17612 w
17382 w 
17352 w 
17135 w 
16966 Sjb 
I6869 s,b
16708 w 
16620 m
uci3 0
v|cm ^
19800 w 
I969O m 
19460 w
19190 m
18760 s,b
18420 s,b
18080 m
17700 m
17450 s,b
16890 m
I675O w 
16670 w
UBr3 3 
v ^  cm-1)
19076 m,b 
18928
17458 s9b
17247 
17223 m 
16946 m,b 
16820 
16806 s 
16728 w
Table 21 continued
UF3
16340 m,b 
16180 w
15870 s
15580 w
15340 vs
uci3 b
16537 W 
16442 w,b
16343 w,b 
16181 w,b 
15946 w
15893 w 
15674 W 
15601 w 
15523 m
15382 n 
15293 m
15122 m 
15029 w,b 
I4946 \v,b
UC13 ° 
16450 w
16180 m 
15920 n
15770 vs 
15410 s
15150 w
14970 w 
14710 m
a. Staritsky ref<>121 
b# Rohmer ref,53 
c* Staritsky ref, 152
d. Prigent ref, 316
TJBr3 d
16537 m 
16291 m,b
15649 m
15283 s 
15183 
15144 m
Table 22
Electronic Spectra ofs A. UF^.HgO B. oxidation product from A
A . v (cm~^)
33500 vs,vb 
29OOO vs,vb 
265OO vs,sh
20000 s,sh 
19500 s
19000 SySh
17400 s
16400 s 
15650 m,sh
15200 m,sh
13900 m
12700 w,sh 
II65O Syb
11100 s,sh
10000 m,sh 
9550 s
8200 SySb 
8000 s 
7250 m 
6600 w,b
4900 m,sh
B o v (cm""’1')
26000 m,b 
23500 m,b 
20600 m 
20000 m,sh
18350 m 
17000 w,sh
15400 s 
14900 s 
13400 w
11450 m 
10900 s
9000 s 
8800 s,sh
8050 m,sh
7100 m,sh 
6600 s 
5900 m,sh 
5000 m,sh
4550 s
Table 23
Electronic Spectra oft A. in water (at 5 °C)
B. in methanol (at 2 °C)
™ 1 1 
A. v (cm”" ) eM B, v (cm~ ) .
42680 1155
36600 1160
31600 1015
27950 1096
24900 sh 521
22150 76.4 22000 385
20150 sh 39*1
19720 sh 99.5
19150 153 19220 602
18400 sh 49*7 18300 900
18000 911
17100 sh 57*6 17300 sh 580
I648O sh 83.1 16500 sh 323
16200 94.5
15700 51*5
14900 9,8 15000 40.I
13720 40.0 13500 40*3
11800 sh 125
11400 186 11400 sh 192
11140 164 11110 242
10220 51.3 10180 118
9950 sh 33.8
9580 sh 38.8 9550 sh 53*7
9320 44*1 9320 55.6
9110 sh 48.3
8290 sh 104
8180 172 8110 sh 152
7200 7*1 7080 11.5
4750 42.3 4650 sh 53.7
4470 65.7 4400 82.1
Table 25
Electronic Spectra .ofg 
Ac U(phen)5Cl3 
A. v (cm ■*")
27500 vs,vb
20700 vs,vb
I54OO vs,b
14350 s, sh 
13400 m,sh
11500 m,b 
9250 s
7850 m
6800 w,sh 
665O w
605O vw,sh 
5800 w,sh 
5500 m,sh 
4900 m
46OO m
B* oxidation product from A 
B « v (cm ^)
23550 s,sh 
22700 s 
22100 s,sh
20300 m 
18000 w 
16600 w,sh 
15800 m 5sh 
15400 m 
14800 m ?sh
11900 w,b
9000 m,sh 
8600 m,sh
7250 w,sh
7000 WySh
6300 m,sh 
6150 m,sh
5900 m,sh
5000 w,sh 
4550 m
Table 26
Electronic Spectra ofg A. |tF(phen)gj |ph^B
Bo oxidation product from A
A « v ( cm"’’1') Bo v (cm **")
36600 vs,vb 
32400 s,sh 
20800 s,vb
17700 s,vb
15800 m,sh 
12800 m,sh
10750 m 
9400 m
8200 m,sh 
7900 m 
7300 w,sh
6600 w
35500 vs,vb
22700 m,sh
20500 w,sh 
19900 w,sh 
17800 w
16000 w,sh
12350 w 
10750 w
8900 w 
8600 w,sh
7100 w
6750 w 
5850 w
5750 w
Table 27
Electronic Spectra ofs 
A. [u(4 -dmaphen)J |
A o v (cm  ^)
34700 vs,vb 
22600 s,b 
17450 s,b
16000 SySh
14200 m,sh 
13500 mysh 
11500 w,sli 
10800 w 
9800 w
B, oxidation product from A 
B • v (cm
37200 VSyVb
14800 v/,sh
9400 vw
9000 w
8800
8400
vw
vw
8150 w
7900 w
7600 vw, sh 7500 vw
7150 vw, sh 7200 vw
6750 vw 6700 vw
5800 vw 5750 vw
5050 vWy sh
4550 w
Table 28
Electronic Spectra ofs
A. uranium(ill) HMPA complex
A. v (om
37000 vs,sh 
36200 vs,b 
33200 vs,b 
31600 vsjsb 
23000 s,sh 
22750 s 
21650 s,sb
19450 s,sh 
18500 s 
17950 s,sh
16400 m,sh
16000 m,sh
14300 vw 
13900 vw,sh 
13400 w
12350 vw,sh 
12200 vw,sh 
11500 w 
10800 w 
9950 w
955O w
9300 w,sh
84OO w 
7750 vw
7100 vw 
69OO vw,sh 
6650 vw
B« oxidation product from A
B. v (cm"*1)
37250 vs,b
335°0 s,sh 
32000 s,sh
22700 w
21200 w 
19700 w f sh
18000 w,sh 
17550 w
16250 w 
15700 vw,sh
13400 vw 
12550 vw
11550 vw 
10650 vw 
10000 vw,sh 
9550 w
9150 vw,sh 
8450 vw
7650 vw 
7100 vw
6600 vw
« Theoretical Treatment of Electronic Spectra* Electronic Energy
Levels for Uranium(lll)
Quantitative treatments of lanthanide and actinide spectra
are difficult owing to the large number of lines observed and
the complex spatial distribution of the f orbitals. Several
attempts to correlate experimental and theoretical results
arising from the configuration have been made* Jorgensen3*"3
323has used the Condon and Shortley treatment of the electrostatic 
interaction between electrons in different coupling schemes? 
including cases intermediate between (LS) and (jj) coupling, 
in an attempt to identify the energy levels of fn electron 
systems. As can be seen from Table 29 the calculations made for 
U3* (5f3) were not in good agreement with both the energy values 
and the number of bands involved.
324
Carnall and Wybourne have made a systematic attempt to 
correlate theoretical and experimental results for the tervalent 
actinides U3+ (5?^) to Cm3+ (5f^)r supplementing crystal spectral 
data with data deduced from studies of solution spectra. The 
matrix elements were expressed as a linear combination of the 
three Slater integrals F^, F^ and Fg and a spin-orbit coupling 
constant^5f ? using the ratios F^/f^ == 0.1422 and 51 0.0061
as determined for a 5f hydrogen-like eigenfunction. Thus the 
centre of gravity for each of the corresponding energy levels was 
obtained as a function of F0 and t • The results are shown in
Cm
Fig. 23. The spin-orbit coupling parameters of the tervalent
actinides are approximately twice as large and the electrostatic
325
parameters two-thirds as large as those of the corresponding 
lanthanides. Consequently the energy level structures of the
actinides show considerable departures from Russel1-Saunders 
coupling*
324
In their paper, Camall and Wybourne make no attempt
to identify the ’free-ion1 levels by more than their J value and
their energy. The distribution of levels indicates a pronounced
tendency towards the behaviour expected for (jj) coupling# It is
stated that calculations of the compositions of the states in
both (LS) and (33) coupling schemes showed the coupling to be
truly intermediate with neither scheme being sufficiently well
3+developed to yield physically significant results. For U there
is reasonably good agreement between the calculated positions of
the low lying 'free-ion1 levels and those of the observed
absorption bands (using the values F^ = 196 cm  ^and
?5f = 1666 cm ^). The first excited level has J = ll/2
(ca* 4560 cm and is well separated from the higher levels.
The calculated levels with J = 3/2 and J = 13/2 correspond to
the bands centred at 7375 om  ^ and 8201 cm~^ respectively.
168Jezowska-Trzebiatowski has calculated the energy levels 
3+of U using the Russell-Saunders scheme with the values
-1 -1 
F^ = 198*9 cm and £5f = 1782 cm • It is stated that agreement
with experiment is much better than for the intermediate
coupling scheme, but is still unsatisfactory as it does not
take into account four of the eleven absorption bands observed
-1 -1between 4650 cm and 11000 cm • These bands also have no place
324in the interpretation of Carnall and Wybourne . Jezowska- 
Trzebiatowska makes allowance for these bands by assuming that 
the first observed band at 4^50 cm  ^ is the second excited 
level and suggests that the first excited level should appear
near 2100 cm Thus assuming the values Fg *= 196 cm”'*' and 
-1
^5f= 1132 cm a closer correspondence between the low-lying 
calculated ‘free-ion* levels and absorption band positions is 
obtained, and the ground multiplet is now well isolated from the
higher terms.
326 3
Varga and co-workers have constructed the complete f
free-ion intermediate spin-orbit coupling diagram from the
3+available information of the spectroscopic parameters for M  , 
U^+ and Fp^+ o Again, the energies of the free-ion levels are
described in terms of F^ and £5f . The diagram was used to
4+ 5+ 2+interpret the absorption spectra of ITp , Pu and AmO^ ? and
4+ 5+seventeen excited levels for Up , twelve levels for Pu and
24-ten levels for AmOg were identified. Unfortunately no data were
34-given for the calculated levels for U and so no use could be
made of the diagram. The values calculated for the first
excited levels(^I^^yg) were Up^+ , 5788 cm "S Pu^+, 6623 cm”'*'
2+ -1
and AmOg , 9039 cm • This indicates that the first level for
3+ -1 -1
U is more likely to be ca. 4650 cm than 2100 cm •
327Sengupta and co-workers, also using an intermediate
coupling scheme, have calculated theoretical energy levels for 
3+
U and compared them with experimental results obtained from
34-the electronic spectrum of U in a tetragonal CaF^ matrix. The
results are shown in Tables 30 & 31. The first excited level was
—1 328identified at ca. 4300 cm . Conway has reported a band at 
-1ca. 4545 cm in the spectrum of UF^ in OaFg and a band at 
ca. 4100 cm  ^ in the spectrum of in LaCl^.
Thus there is an overwhelming amount of evidence to show 
that in U^+ , with an electronic configuration of 5f^s "the energy
levels are described by an intermediate coupling scheme with a
ground state J = 9/2 -£,irs't excited level J = ll/2
/ 4 s  -1
^ll/2' ’fctien 0CCUrs ca* 4500 cm , the next two excited
levels being J = 3/2 (4P3 ,2) and J = 13/2 This is
illustrated in Table 32. Furthermore it can be clearly seen that
these f-f transitions are hardly affected by changes in the
crystal field.
Comparison of position and intensity among absorption bands 
in actinide elements of the same valence state as well as in 
isoelectronic series has indicated some interesting patterns of 
behaviour^. Tervalent uranium, neptunium and plutonium all 
exhibit intense absorptions which are attributed to allowed 
5fn-5£n "**6d transitions. As shown in Fig.24, the position of 
these bands progressively shifts towards the ultraviolet with 
increasing atomic number, but the intensity, at least of the 
first member of the individual groups of bands, remains fairly 
constant. The corresponding allowed band for tervalent americium 
is apparently above 50000 cm ^ • This progression clearly reflects 
an increasing difference in energy between and 6d electrons, 
which would imply that the 5f shell is stabilised with increasing 
effective nuclear charge.
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Fig.24 Electronic spectra of some tervalent actinides in 
the ultraviolet ( in 1-0M h c i o 4 ).
( a f t e r  C o h e n  & Ca r n a l l  r e f .4 8 )
Table 29
Theoretical Energy Levels for Uranium(lll) a
Term Calc, without
assignment intermediate
coupling 
v (cm
4t
ll/2
3100
4t
13/2
69OO
4t
15/2
11100
4F / 
3/2 13100
4F / 
5/2
14500
S/2 16500
S/2 16500
4r
5/2
18200
S/2 19100
\/2 20100
^P
7/2
20200
Hll/2
21200
4r
9/2
22800
2K13/2 23900
2a , 
7/2
24400
A r t
ll/2
25900
With approx* Observed
intermediate
coupling
v (cm 1) v (cm
4100
7800 8200
11700 11300
12600 -
15000 13800
16600 15700
17300 16400
18800 19100
18100 19800
19700
20900 22200
22200 -
23200 -
25100 -
26500 -
26300
a. Jorgensen ref.313
Table 30
Electronic Spectrum of Uranium(lll) in Calcium Fluoride a
- I n b(cnT ) Term assignment v(cm*~ ) Term
4435 w ?sh 
4472 sh 
4498 s,sh 
4550 hump 
4642 s,sh
5450 s,sh
■ll/2
10999 w 
IIO56 s?sh 
11130 s,sh 
11326 s,sh
11960 w,b 
12060 sh
7479 s,sh 
7521 sh
8076 s?sh 
8104 s,b 
8127 s,sh
8145 w 
8163 SjSh 
8210 hump 
8288 s,sh 
8463 s,b 
8538 w
!3/2
'13/2
12420 b 
12660 b 
13830 w 
13990 w,sh 
14060 w,b 
14140 w,b 
14430 w 
14580 s,sh
15686 s,sh
8764 w,b
9124
9174
9217
9327
9588
9756
9852
10050
10160
10330
10530
w, sh 
w,sh 
w , sh 
w, sh 
sh
w , sh 
w, sh 
hump 
hump 
hump 
w,sh
‘H
9/2
5/2
a* Sengupta ref.327 
b. measured at liquid
assignment
15/2
5/2
7/2
IT 2 temp.
Table 31
Theoretical Energy Levels for Uranium(lll) a
Term Experimental Theoretical
assignment centre of gravity free ion level
v (cm”1) v (cmrl)
I9/2 0 0
4Iu / 2  4323 4300
*3/2 7124 7046
4I13/2 7884 7864
2H9/2 8912 8853
4G5/2 9664 10189
4X15/2 10752 10859
4F5 /2 11634 11646
ZG? /2 13747 13602
a. Sengupta ref.327
Table 32
Experimentally Observed Absorption Bands Corresponding to the 
First Three Energy Levels for U34' (5f3) with the Ground State
(all values in cm )
Compound Energy Level Assignment Ref«
4t 4-p 4-r
ll/2 3/2 13/2
UC1,
3
4400 6950 8000 present work
UBr3 4400 6950 8000 present work
UI3
4300 6750 8100 present work
u2(so4)3.5h2o 4450 7200 8100 present work
(NH4)2S04 ,U2(SO4)3 * 9H2° 46OO 7200 8050 present work
h V C14-5H2° 4450
7100 8100 present work
TJ3+ in CaF 4323 7124 7884 327
TJF3 in CaF2 4545 - - 328
UC1- in LaCl^ 
3 3
4100 - - 328
U3+ in M HoS0.
2 4
4400 7100 8123 56
U3+ in M HX (X = Cl,Br,l)
00LfA 7200 8050 present work
U3+ in DC10.
4
4560 7375 8201 48
U3+ in H O 4470 7200 8180 56
3* Magnetic Properties of Uranium(lll) Compounds
(a) Magnetic Properties of the Tervalent Lanthanide and Actinide Ions 
With the exceptions of europium and samarium, the multiplet 
widths of the tervalent lanthanide ions are wide compared with 
kT (kT e 210 cm  ^at 300 °K) and assuming Russell-Saunders 
coupling their magnetic moments should he given by the equations
= g]/j(j+l) BM
where g . 3 S(S+1> ~ L (L+1>
2 2J(J+l)
In the lanthanide ions, the 4f electrons are effectively screened 
from environmental effects hy overlying s and p electrons. 
However, although the crystal field effects are small compared 
with the d-transition metal ions, they are hy no means negligible
TriC
in the elucidation of magnetic behaviour. The effect of the 
electric charges associated with the surrounding ligands is to 
lift the degeneracy of individual states hy about 100 cm 3.
Though this is small compared with the separation between 
individual J stat&s produood by spin-orbit coupling, it is not 
negligible compared with kT. Thus, contrary to the prediction of 
the above equation, the moments of these ions should be 
temperature dependent• This is in fact the case, as most of the 
lanthanide ions obey the Curie-Weiss law with appreciable values
g
of 0 (except gadolinium(lll) with a ground state ^7/2) •
308that the observed room temperature moments are in agreement 
with those predicted by the above equation is purely fortuitous. 
When measurements are made at lower temperatures this coincidence 
is not found.
In a Ru3sell-Saunders scheme, neodymium(lll) (4f^, 
would "be expected to have a temperature independent moment of 
3*62 BM* The observed moments of a number of neodyraium(lll) 
compounds are shown in Table 33* They are slightly less than the 
free-ion values and decrease with decreasing temperature* 
Appreciable Curie-Weiss constants (0 = $0-60 °K) are observed*
3 op
The cyclopentadienide , Ud(cpd)^, however, has a moment at
room temperature (3*18 BM) which is considerably lower than those
obtained for the other neodymium(ill) compounds* This compound
331may not be magnetically dilute , thus giving rise to the
larger deviation, with 0 being interpreted in terns of
antfforronagnotic interaction between neighbouring ions, rather
than ligand field effects* Like the lanthanides, the multiplet
widths for the actinides are greater than kT, with the exception 
3 + 3 +of Pu and Am , where they are comparable. The earlier actinides 
show similar behaviour to the lanthanides, the observed magnetic 
moments being appreciably lov/er than those calculated from the 
equation given earlier. Large values of 0 are common and 
complicated dependence of magnetic moment upon temperature is 
found. It is even more difficult to account for the magnetic 
behaviour of actinide than lanthanide ions. In general the data 
available are sparse and often refer to magnetically concentrated
* Some workers incorporate 0 in calculating the magnetic moment,
H ££ = 2,828|/)^(T+0)* Whether or not such values are meaningful 
is open to question. In some cases it is not clear whether 0 has 
been used in the calculation and a great deal of confusion has 
arisen. In the present work, |i is calculated from the equation
= 2.828|/x^T , thus giving an effective magnetic moment at a 
particular temperature. All literature values of H have been 
recomputed accordingly.
systems. The complex spatial distribution of the orbitals 
makes their interaction with ligands very complicated. This 
interaction makes the ligand fields produced sensitive to the 
position of the ligand atom. The ligand fields in actinides (and 
lanthanides) are usual of low symmetry (ie. 9 fold coordination) 
and this makes the presentation of the splitting pattern for 
f configuration states all the more difficult.
(b) Magnetic Properties of Uranium(lV) Ions
The experimentally observed moments for uranium(lV) compounds
(Table 34) usually lie in the range 2.2-3.0 BM at room temperature*
2 3 ■Although this is closer to the 6d ( spin-only value of 2.8 B M .
0 3
than the 5f ( H^) values of 3*58? (b$) coupling, or 3.81 BM,
(jl) coupling, these values are best interpreted in terms of a 
2
■5f configuration. This is more in keeping with the spectroscopic 
evidence, where the sharp bands in the uranium(iv) spectra are 
assigned to transitions within the f-shell. Broad absorptions are 
usually observed for d-d and f-d transitions. TJranium(lV) 
compounds obey the Curie-Weiss law at higher temperatures with 
appreciable values of 0 (>100 °K) being common. Deviations from 
the Curie-Weiss law are observed at lower temperatures. Curvature 
below the Curie-Weiss line is observed in some uranium(lV) 
compounds eg. U(acac)4336, UC1 .1.5TMMA338, UC14 .1.5TGMA338 and 
TJC14 .1«5HMGA . Curvature above the Curie-Weiss line (anti­
ferromagnetic behaviour) is observed in the compounds 
V(G20^)2 o5K20 ^ 6, UC14 W 39 and UC^.2.5DMA339.
(c) Magnetic Properties of Uranium(lll) Ions
The variation of the reciprocal susceptibility with absolute 
temperature of U^SC^)^ is shown in Pig.25* Extrapolation of
the upper part of the plot gives a Curie-Weiss constant 0 = 85 °K. 
The lower part of the graph curves undor the Curie-Weiss line 
below 120 °K. The magnetic moment of ^ ^ ^ 4 ^ 3 is less than 
the free-ion value (3*26 BM). and varies with temperature 
(ji^ ff « 3.23 BM at 293 °K and 2.71 BM at 90 °K) . This agrees with
r g
the magnetic behaviour reported for uranium(lll) sulphate
octahydrate and double sulphates. The red and green double
chlorides also have similar magnetic properties although thbir
room temperature magnetic moments are slightly higher.
ITd^CsO^)^.SH^O has a reciprocal susceptibility against temperature 
329
plot which curves below the Curie-Weiss line at low temperatures.
329It has been pointed out that this type of behaviour is common
for the lanthanides* For example UdgO^ exhibits similar
behaviour to the sulphate. Only small changes in Curie-Weiss
constant are observed on dilution of ^d^O^ with Ba^O^ (Table 33)*
Hydrated uranium(lll) fluoride (Fig.26) has similar
behaviour to the other hydrated uranium(lll) compounds except
that the magnetic moment is slightly lower (ji « 3*20 BM at
@11
O  o  \
293 K and 2.54 BM at 90 K)• Measurements in aqueous solution
for the uranium(lll) ion have given the values 3*17 and 3.23 BM
at 293 °K for sulphate and chloride solutions respectively* which
could show that the lower moment in uranium(lll) compounds is due
to crystalmfield rather than exchange effects. However? the 
56
present and other works indicate that such solutions may not 
be stable enough for meaningful measurements to be made using 
normal methods.
The variation of the reciprocal susceptibility with absolute 
temperature of UC1 and UBr found in the present work are given
J
in Figs .27 & 28* The magnetic moment values obtained for WBr^
(Hgfjf ** 3.30 BM at 293 °K and 2.89 BM at 90 °K) are in agreement
I j]Q
with previous values for UBr^« However, the values for BCl^
(|iQff m 3.06 BM at 293 °K and 2.54 BM at 90 °K), although in
agreement with the results of Dawson"*-^  (u __ « 2.88 BM at 300 °K
eff
and 2*54 BM at 90 °K) , are much lower than those reported by
Handler and Hutchinson’*’^  (|i = 3.36 BM at 293 °K and 2.78 BM611
at 90 °K). Measurements for uranium tri-iodide, prepared by the 
reaction of methyl iodide on uranium metal, showed the presence 
of traces of ferromagnetic impurity.
All the uranium(lll) halides obey the Curie-Weiss law at 
higher temperatures. In the case of UF^, where measurements were 
made down to 1*9 °K, the susceptibility was found'*’^ ’*' to increase
t
rapidly at lower temperatures and the reciprocal susceptibility 
against temperature plot curves through the origin. UCl^ is 
reported"*"^ to have an antiferromagnetic transition at 23 °K, and 
an antiferromagnetic transition has been observed'*^* in the 
case of UI^ at a temperature of 3.2 °K. UF^ shows no evidence of 
an antiferromagnetic transition down to 1.9 °Ko-
149It should be noted that the work of Handler and Hutchinson
on solid solutions of UCl^ in isomorphous LaCl- shows almost no
o D
change of the Curie-Weiss constant with dilution. This would 
appear to indicate that 0 for uranium trichloride owes its origin 
to crystal field splitting of the orbitals., rather than to 
exchange interaction. It is interesting to note that on dilution 
the curve passes through the origin (Fig.27).
Dawson indicates that WBr^ an& UI^ have negative 0 values 
(ie. positive intercepts on the temperature axis). However, if the
values obtained over the range 300-90 °K are used to extrapolate
the Curie-Weiss constant, positive 0 values are obtained of the
samo order as the other uranium(lll) halides.
It might be argued that the value given by Handler and
Hutchinson149 for UCl^
the basis that the investigation was a consistent part of a more
extended study on solutions of WCl^ in LaCl^. Also the low values
obtained in some cases may be due to uranium(IV) impurity.
However, the analytical figures and the electronic spectra do
148,149not support this argument. Other workers 7 do not present 
electronic spectra of their samples.
(d) Conclusions
The magnetic properties of uranium(lll) have been previously
3 2 1
interpreted in terms of both the and 5f 6d configurations. 
Assuming (LS) coupling, the predicted moments for the ground
is 4*62 BM. If the 6d orbital momentum is quenched, the latter 
value reduces to 2.65 BM.
149Handler and Hutchinson have demonstrated that the magnetic
properties of uranium trichloride at infinite dilution in LaCl^
are very similar to the magnetically dilute neodymium compound
Hd^gHj-SO^^*9^0 (both compounds in the same symmetry). Elliot
and Stevens^41 have shown that the experimental susceptibility
of this neodymium compound is in agreement with that calculated 
3+for a model Hd ion with three f electrons in the appropriate 
crystalline electric field. Thus there is a strong suggestion 
that in WCl^ the situation is similar and that the unpaired 
electrons are f electrons. This suggestion has been confirmed
state of 5£ ( ^ 9/4) 3*62 BM, while that for 5^ 6d (
(\i ££ *s 3*36 BM) might be preferred, on
“by observations on paramagnetic resonance absorption in single
150crystals of solutions of UCl^ in LaCl^ v , Further evidence for
3 3+ 130the 5f configuration for U is provided by paramagnetic
resonance absorption studies on powdered uranium trifluoride* As
was shown earlier, the spectroscopic data for uranium(lll) are
best interpreted in terms of the 5f^ configuration, the levels
2 1
arising from the 5f 6d configuration being excited states to
which transitions are observed in the ultraviolet region* This
evidence is ignored by Dawson'*"^ who suggests that the magnetic
2 1behaviour of uranium(lll) arises from a 5f 6d configuration*
Explanation of the complicated behaviour of uranium(lll) is 
very difficult since the magnitude of the spin-orbit coupling 
and ligand field parameters are not known with certainty. From 
the conclusions reached from the electronic spectra of uranium(lll) 
compounds, it is not surprising that the magnetic behaviour of 
uranium(ill) cannot be explained in terms of either a (LS) or 
(oj) coupling scheme. It seems that both in neodymium(ill) and 
uranium(lll) the observed magnetic moments are a result of a 
small (and constant) crystal field effect, this being greater in 
uranium(lll)• Only in compounds such as Nd(cpd)^ and TJ(cpd)^*THF 
is the magnetic behaviour affected by magnetic exchange 
interactions at normal temperatures.
In low symmetry fields it would be expected that the ground 
state of the uranium(lll) ion would be weakly split into less 
degenerate levels, occupied according to a Boltzmann distribution* 
These splittings are small so that at sufficiently high 
temperatures, a ’normal1 moment is obtained* When the temperature 
is reduced so that kT becomes comparable with the splittings,
lower lying states with, lower resultant angular momenta are 
preferentially occupied and the magnetic moment decreases 
accordingly*
U2 ( s o 4)3-5 H 2 °  0 =  85300
200
100
100 300200I 00 0
Temper a t ur e  ( ° k )
300
200
100
0 200100 300
Temper a t ur e  ( ° k )
500
A Dawson  0 = 2 9  
B p r e s e n t  wor k  0 =  68°
C Ha n d l e r  & H u t c h i n s o n  0 — 58 
( i n f i n i t e  di lut  ion,  LaCl3 )
■400
300
200
Fig.27 UCi
100
100 100 200
T e m p e r a t u r e  ( ° K )
300 400 5000
400
A D a w s o n  0 — - 2 5 °
B p r e s e n t  wor k  0  =  66*
300
200
Fig. 28 UBr
100
- 100  o 100 200 300  .400 500
T e m p e r a t u r e  ( ° K )
Table 33
Magnetic Properties of some Ueod.ymium(lll) Compounds
Compound n0ff neff 9
Hd203 3.51 3.17 59 329
Nd203(50f», La203) 3.53 3.22 55 329
Hd203(l0^, La203) 3.56 3.38 32 329
lId203(2/o, La203) 3.59 3.27 30 329
Hd2(S04)3.8H20 3*56 3.08 45 329
m 2(bo4)3 3.45 3.02 42 329
Hd(0104)3 3*47 2.97 48 329
Hd(H°3)3 3.46 2.95 49 329
Ud(HCOO) 3.35 2.96 54 167
Hd(C2H5S04)3 .9H20 3.50 3.07 44 149
Hd^+ (in ethanol) 3.44 - 45 329
NdF^ 3.44 2.99 56 329
NdCl 3.58 - 31 330
NdI3 3.65
- 9 330
Nd(phen)2(lT03)3 3.44 - - 331
Ud(phen)2(SCN)3 3.54 - - 331
m ( o 5h5)3 3.18 2.69 72 332
Table 34
Magnetic Properties of some UraniumflV) compounds
Compound 300
Meff
90
^eff e Ref
CM
o
2.39 I.65 220 333
u°2 2.41 1.71 223 334
uo2(o$S, Th02) 2.93 2.65 - 333
V02(0$, Th02) 2.86 - 20 335
u (s o4)2.8h 2o 2 #99 2.20 158 56
u (s°4)2.4H2° 3 .03 2.36 108 56
u (h c o o )4 2.40 2.19 74 167
n(c2°4)2.5H2° 3.02 1.93 168 336
U(aoac) „
4
2.78 2.23 101 336
U4+aq.(S04) 2*95 - - 55
U4+aq.(C10^) 2.95 - - 55
U4+aq.(Cl) 2.97 - _ 55
UF
4
2.86 2.26 102 148
UF4(l05i, ThF4) 2.83 2.57 25 335
UC1,
4
3.04 2.55 62 148
UCl
4 2.94
2.61 39 337
UBr,A 2.96 2.67 35 148
UC1 .3MS0 2.40 1,72 270 27 6
UBr^•6DMSQ 2.87 2.35 140 276
UC1 .1.5TMMA 2.42 1.72 368 338
UC1..HMMA 
4 2.17
1.30 - 338
UC1 .1.5TMGA 2.40 1.79 218 338
TJC1 .1.-5HMGA 2.53 1.86 248 338
UC1 .2.533MA 2.54 1.48 800 339
U(lT03)4 .2.5I)MA 2.78 2.36 165 339
TJ(SCIT)a .4DMA 2.95 2.27 126 339
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Uranium(ill) Compounds
Compound 300
‘eff
90
•eff Hef
u 2(so4)3 .8h 2o
u2(so4)3.5H2o
U2(S04 )3 .2H20
Ha2S04.TI2(S04)3.4H20
k2so4.u2(so4)3.xoh2o 
K5n(so4)4.H2o 
Rt2S04.U2(S04)3 8H20
os2so4 .o2(so4)3 .ixh2o 
(fh4)2so4.u2(so4)3.9h2o 
(n2h5)2so4 .u2(so4)3.4h2o
UH .UCI ,5Ho0 
4 4 2
kuci4.5H20
RbUCl *5Ho0 4 2
1TH UCI • 6Ho0 4 4 2
RbUCX.. 6H.0 
, 4 2
U;,+a4.(S04)
u^aa.Ccx)
u f 3
UF
UF3 .h2°
UCI- (ofo, La Cl,)
D D
ucx3
UCI
ncx3
TJBr3
UBr,
3
UI.
u(hcoo)3
U(C_H_)-.$HF 
5 5 3
■3.22 2.67 82 56
-3.23 2.71 85 present work
3.16 2.69 60 56
3 *23 2.72 84 56
3.05 2.51 100 56
3.12 2.60 110 56
3*17 2.64 95 56
3.22 2.67 84 56
3.18 2.64 85 56
3.18 2.64 86 56
3.36 2.86 68 56
3.35 2.79 70 56
3.32 2.76 80 56
3.32 2.80 60 56
3.37 2.90 65 56
3.17 - - 55
3.22 - - 55
3.14 - 110 131
3.33 - 32 133
3.02 2.54 74 present, work
3.48 2.96 58 149
3.36 2,78 75 149
2.88 2.54 29 148
3.06 2.54 68 present work
3,39 2.89 -25 149
3,30 2.82 66 present work
3.31 2.98 -5 148
3.11 2.50 90 167
2.33 — ~ 171
Ta~bl e 3 6
Magnetic Susceptibility of Uranium(lll) Sulphate Pentahydrate,
tj2(s°4)3 . 5h2°
6 —*1 3
Diamagnetic correction = -139x10 niol cm
T (°K) 10\
-1
XA **eff
293 4455 224.5 3.23
263 4682 213.6 3.14
230 5290 189*0 3.12
200 5890 169.8 3.07
166 6684 149.6 2.98
135 7632 131.0 2.87
120 8531 117.2 2.86
103.5 9282 107.7 2.77
97 9673 103.4 2.74
90 10218 97.9 2.71
(BM)
Talle 37
Magnetic Susceptibility of Uranium(lll) Fluoride Monohydrate.
tjf3 .h 2o
6 —I 3
Diamagnetic correction = -86x10 mol cm
T (°K) lo6XA x -1aA ^eff
295.5 3847 259.9 3.02
262.5 4181 228.3 2.96
230.5 4598 217.5 2.91
198 5136 194.7 2.85
166 5840 171.2 2.78
135 6782 147.4 2.71
103 8180 122.2 2.60
89.5 900 6 111.0 2.54
Table 38
Magnetic Susceptibility of Uranium(lll) Chloride, ^ 1 ^
6 —1 3Diamagnetic correction = -1163:10 mol" cm
T (°K) 106Xa x -1A ** eff
295 4026 248.4 3.08
263 4376 228.5 3.03
230 4884 204.7 3.00
198.5 5446 183.6 2.94
167 6361 157.2 2.91
135 7156 139.8 2.78
104 8370 119.5 2.64
88,5 9144 109.3 2.54
Table 39
Magnetic Susceptibility of Uranium(lll) Bromide, UBr^
6 —1 3
Diamagnetic correction = —150x10 mol cm
T (°K) 10\
x -1
Heff
293.5 4698 212,8 3.32
263 5052 197.9 3.26
229.5 5706 175.2 3.24
198.5 6217 160.8 3.14
165.5 7269 137.5 3.10
135.5 8433 118.6 3.02
104 10134 98.7 2.90
89 11247 88.9 2.83
CONCLUSIONS
Much confusion has arisen over the stability of uranium(lll) 
in solution. There is now conclusive evidence that uranium(lll) 
is reasonably stable in dilute acid solution (ie. M) and becomes 
increasingly unstable in more concentrated acid. This is to be 
expect^ed since H+ is readily reduced by uranium(lll). Some acid 
concentration appears to be necessary to prevent the formation of 
uranium(iv) hydroxo species. Even so, this stability is only 
found in the presence of sulphate, chloride, bromide and iodide 
anions. Thus very nearly pure uranium(lll) solutions in these 
aqueous acids have been prepared by electrolytic reduction in 
carefully controlled conditions. Thus from dilute acid solution 
it is possible to prepare hydrated uranium(lll) compounds 
containing little or no uranium(iv). In very concentrated 
hydrochloric and hydrobromic acids, uranium(lll) forms halide 
•complexes, but .only the chloride complexes are stable enough to 
be isolated in the solid state ie. the red double chlorides. The 
prep&ration of anhydrous uranium(lll) halides free from all 
uranium(lV) impurity is difficult, unless efficient sublimation 
procedures are available. Uranium(lll) complexes with organic 
ligands are unstable and may contain uranium(lV) impurity, since 
washing does not remove insoluble uranium(iv) complexes.
The view is widely held that uranium(lll) solutions are red. 
This is very misleading as this is only true under specific 
circumstances. In the present work uranium(lll) solutions have 
been shown to be green by reflected light and red by transmitted 
light, from both tungsten and fluorescent sources. These solutions 
are red by reflected light only in conditions where a uranium(ill) 
complex is present. For the solid hydrated compounds the situation
is different. In white tungsten light {or sunlight) they are 
"brown whereas in fluorescent light they are green. This difference 
is probably due to a greater intensity of green in fluorescent 
light (p.16)o The halide complexes, because of the intense 
absorption at ca. 18000 cm  ^are able to absorb this extra green 
light and appear red in both types of source#
As expected, the complex chemistry of uranium(lll) is very 
limited, and only in the case of the chloride and several 
uncharged oxygen donor ligands have solid compounds been isolated. 
In general, uranium(lll) is readily oxidised by charged ligands 
other than halogen, and is also oxidised when some mechanism 
exists whereby a proton may be removed from the ligand (or 
solvent). Evidence is rarely found for complex formation with 
U-donors. This is in accordance with the known chemistry of 
uraniura(lV) in which the vast majority of complexes are formed 
with oxygen donors? by comparison, very few complexes with 
R-, P- and S- donors are known.
The present interpretation of the electronic spectra of
3 3+tervalent uranium gives the configuration 5f for the TJ ion.
This has been confirmed by evidence from paramagnetic resonance 
absorption studies. One of the most striking features of the 
electronic structure of uranium(lll), and the tervalent actinides 
in general, is the almost complete breakdown of Russell-Saunders 
coupling and the pronounced tendency towards (jj) coupling. This 
makes a detailed interpretation of the spectral and magnetic 
properties of uranium(lll) very difficult and at present only 
general conclusions can be reached. OnB surprising feature of the 
electronic spectra of uranium(lll) is that the widths of the
absorption bands, which are associated with the crystal field 
splittings of the 1free-ion* levels, do not appear to differ 
appreciably- from those of the corresponding lanthanide, neodymium# 
fhia is surprising since uranium(lll) would be expectod to show 
substantially larger environmental effects because of the greater 
spatial extension of the wave function* These effects are more 
clearly seen in the magnetic properties of uranium(lll).
It seems that the 5f level is occupied in uranium(lll), 
although the relative positions of the 5f and 6d levels are 
uncertain for thorium and protactinium. Also the separation of 
the 5f and 6d levels reflects the increasing stability of the 3+ 
oxidation state with increasing atomic number as the 'yf*1 -5fn 
transitions have an oxidative character. This is shown by the 
relative stabilities of the hydrated uranium(III) sulphates and 
red double chlorides and also the relative stabilities of the 
anhydrous uranium(lll) halides.
Thus in discussing stabilities for the tervalent actinides 
it is important to consider the chemical environment of the metal 
ions. The present work shows that the preparation of uranium(lll) 
compounds is facilitated if an essentially ionic environment, 
generated by small anions or molecules, is produced. For those 
systems requiring direct and specific interactions, eg. complexes 
with organic bases, the necessary interaction, coupled with the 
polarisation of the ligand atoms induces reaction with the base. 
Uranium(lll) may then act as a hard class A acid, binding best 
to the least polarisable (hardest) atom of a family 
eg. F > Cl"> Br*~> I , although this classification should bo 
treated with some caution since uranium(lll) reduces the most
polarisable ligands most readily.
Table 40 summarises the known compounds of uranium(lll)•
Table 40
Hydrated
U2(S04)3.xH20 (x = 8,5,2) a,b
i;2904*-U2(S04)3ftxH20 (M = Ra?K,Eb,0s,NH4,]l2n5) a,b
K U(S0 .) ..'Ho0 1 b ,c UF^ *Ho0 a UBr^,6Ho0 c
0 4 4 5 c D C
HUC14.5H20 (red) (M « NH ,K,Rb) a,b
MUC14.6H20 (green) (M = Rb,NH ) b
Complexes
U(C;l1H12N20)6X3 phenazone (X « Cl,Pb B) a 
U(C^3H^^U30)4X3 4~dimethylaminophenazone (X = PJ^B)
U(C^1H^2N20)^X * phenazone
11(0^11^1^0)3X * 4-dimothylaminophenazone f x Cr(SClf)^’" 
U(C^H^H)^X * pyridine ^
U(C3H^R0)^X * dimethylformamide
u (ch3c n )ci3 c
U(C^H^)3 U(C^H^)3 .X X ~ tetrahydrofuran, (-) -nicotine,
cyclohexylisonitrile c
Anhydrous
UF., UCI. UBr. UI. UH * c
i D i D D
m  * UP * UAs * USb * UBi * UnS^  * U0Se^ * U.Te^ *
C D c 5 Z D
UCl2Br UClgl UBr2I UClBr'g UClIg UBrI2 c 
U(HC00)3 U(BH4)3 U0C1 UC13 *7RH3 UBr3 .6FH3 o
U(NH2)C12 ,U(NH2) Cl U(HH)C1 u(UH)Br UUBr c
a. prepared in present work
b. prepared by Dr«R.Barnard
c. prepared by other workers
* indicates some doubt as to whether U(lll) present
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